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Abstract Cosmic-ray astrophysics has advanced rapidly in recent years, and its impact on
other astronomical disciplines has broadened. Many new experiments, measuring the particles
both directly in the atmosphere or space, and indirectly via γ rays and synchrotron radiation,
have widened the range and quality of the information available on their origin, propagation, and
interactions. The impact of low-energy cosmic rays on interstellar chemistry is a fast-developing
topic, including the propagation of these particles into the clouds where the chemistry occurs.
Cosmic rays, via their γ-ray production, also provide a powerful way to probe the gas content of
the interstellar medium. Substantial advances have been made in the observations and modelling
of the interplay between cosmic rays and the interstellar medium. Focussing on energies up to
1 TeV, these inter-relating aspects are covered at various levels of detail, giving a guide to the
state of the subject.
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1 Scope of the review
The term cosmic rays (CRs) refers generically to particles with energies starting
at MeV and continuing to around 1021 eV. The particles encompass nuclei (from
protons to actinides), antiprotons, electrons, and positrons. Locally, the CR en-
ergy density is dominated by GeV protons and compares with the interstellar
energy densities of the thermal gas, magnetic field, stellar radiation, and the cos-
mic microwave background. The Larmor radii of Galactic CRs range from 105 km
at the lowest energies to 10−1 parsec near 1015 eV, so that directional information
on their sources is completely lost during propagation. For this reason, γ-ray and
radio synchrotron observations are essential to study the large-scale distribution
and spectra of Galactic CRs, giving clues to their origin and propagation. There
is good evidence that CRs are accelerated in Galactic sites up to the knee energy
of ∼ 3 × 1015 eV where the spectrum steepens; at much higher energies they
almost certainly originate outside the Galaxy since the Larmor radii are of order
kpc above 1018 eV and there is no sign of a directional modulation related to the
Galactic disc. The transition energy from Galactic to extragalactic, however, is
not known because the nuclear compositions of both Galactic and extragalactic
CRs affect the spectrum in the transition region through the dependence of the
Larmor radius on mass and charge. The transition is usually assumed to be in the
1015−17 eV band where the CR spectrum steepens from index 2.7 to around 3.3
(in particle flux per momentum unit), consistent with the point of rapid escape
from the Galaxy. The spectrum flattens again at higher energies, consistent with
a contribution from extragalactic sources. CR electrons and positrons, on the
other hand, are all certainly of Galactic origin since their energy losses by inverse
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Compton scattering on the Cosmic Microwave Background limit their travel in
intergalactic space to only a few kpc, even at GeV energies.
The centenary of the 1912 discovery of cosmic rays has passed, accompanied
by commemorative celebrations (Ormes 2013) and reviews (Blandford, Simeon &
Yuan 2014; Blasi 2013; Kotera & Olinto 2011; Slane et al. 2014; Zweibel 2013),
which highlighted the impressive historical progress on the continuing questions
of their origin and acceleration, in the Galaxy and beyond. The main acceleration
site of Galactic CRs is thought to be the shocks of young supernova remnants
(SNR). Particles traverse the shock many times due to efficient, Bohm-like, dif-
fusion. They gain momentum at each pass, generating a power-law spectrum.
The number of remnants and the long-term average supernova frequency in the
Galaxy are sufficient to supply the observed CRs if a few per cent of the ex-
plosive energy of a supernova is converted into CRs (e.g., Drury, Aharonian &
Voelk 1994). Gamma-ray observations of supernova remnants at GeV energies
(Fermi -LAT, AGILE ) and at TeV energies (H.E.S.S., MAGIC , VERITAS ) al-
low direct tests of this scenario via the production of pion-decay, bremsstrahlung,
and inverse-Compton γ rays by in-situ CRs. The challenge is to separate and de-
lineate the emission components from the CR nuclei and electrons, i.e. to probe
how efficiently and how high in energy supernova shock waves can accelerate
both types of particles. A hadronic emission signature has at last been found in
the W44 and IC443 remnants with Fermi -LAT and AGILE (Ackermann et al.
2013b, Cardillo et al. 2014), although it will not constitute firm evidence of the
acceleration of CR nuclei until the measurements are extended to well below the
pion peak energy at 70 MeV.
In parallel, a significant paradigm shift has been the realization that CR sources
other than SNRs are probably important. Pulsars and pulsar-wind nebulae are
now receiving more attention as sources of primary electrons and positrons, trig-
gered by observations of more high-energy positrons than expected from hadronic
interactions of CRs with interstellar matter (see Section 2.4).
CR sources and acceleration mechanisms are not addressed in the present re-
view. For recent coverage, we refer the reader to the insightful reviews quoted
above, and to Castellina & Donato (2013) and Amato (2014).
We focus instead on the numerous facets of cosmic-ray lives and feedback in
their host galaxies, which we attempt to capture and review here, in their fasci-
nating variety. In broad brushstrokes, Galactic cosmic rays ...
1. differentially penetrate into astrospheres to probe their physics, as glimpsed
in the heliosphere by the two Voyager spacecraft and by γ-ray observations
toward the Sun.
2. randomly diffuse through the turbulent interstellar magnetic fields, scram-
bling their paths to our detectors, but transferring and ultimately deposit-
ing energy across kiloparsecs in the interstellar medium (ISM). CR nuclei
and electrons respectively leave 10 % and 60 % of their energy before es-
caping into intergalactic space. Energy losses and interactions with matter
and radiation fields leave collective traces of their long journey through the
Galactic disc and halo.
3. produce spallation secondaries with elemental and isotopic abundances of
diagnostic value in understanding the composition of accelerated matter
and later propagation.
4. drive MHD waves, which partly maintain interstellar turbulence. Con-
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versely, CRs are subjected to wind-driven turbulence near stellar clusters,
which may severely reduce their diffusion lengths in star-forming regions.
5. drive large-scale interstellar flows, including possible galactic winds, foun-
tains, and perhaps large-scale features like the ‘Fermi Bubbles’.
6. take away between 10 % and 50 % of the energy of the supernova shockwaves
that have accelerated them, thereby lowering the remnant temperatures and
moderating their feedback on the ISM.
7. ionise and heat the dense interstellar gas, depositing ∼ 13 eV per interaction
to keep the darkest ISM at temperatures near 10 K and electron fractions
near 10−7. They drive a remarkably rich chemistry at low temperature.
Reactive molecular ions thus provide remote tracers of low-energy CRs,
with kinetic energies below a few MeV.
8. cause interstellar clouds to glow brightly in γ rays and reveal their total gas
content, irrespective of their chemical and thermodynamical state.
9. interact with magnetic fields, probing their strength, and with soft radiation
fields to trace starlight and dust radiation.
We have highlighted nine topics above, hence the title of this review1 which
aims to discuss recent findings on the numerous interactions of sub-TeV CRs with
their interstellar habitat.
Many of these findings were not known at the time of the previous CR article
in Annual Reviews (Strong, Moskalenko & Ptuskin 2007), which illustrates how
lively this field of research is. New results include direct composition measure-
ments from light to heavy nuclei; evidence of spectral hardening above a few
hundred GeV and of spectral differences between the nuclei; the successful map-
ping of remote CRs in the Milky Way from their γ-ray emission, as seen by the
Fermi LAT telescope; the rapid developments in the use of chemical information
to probe few-MeV CRs beyond the enormous barrier of the heliosphere and near
supernova remnants; rapid progress in the use of CRs and their γ-ray emission to
trace the total gas in the ISM; the recent realization of the potential confinement
of young CRs in starburst regions; and the first observations of CR-driven γ rays
in starburst galaxies. The review focusses on CR energies only up to 1 TeV, since
it is mainly concerned with the interstellar effects of CRs and their use as a tracer
of the ISM, where only lower energies are relevant.
2 Advances from direct measurements
In CR astrophysics the most important resources are the experiments and their
data. Direct measurements are those made from balloons in the atmosphere and
spacecraft in the heliosphere, in contrast to indirect methods using γ rays, syn-
chrotron, etc. to remotely probe CRs to large distances in the Galaxy. Improved
experimental techniques have led to significant progress particularly in the qual-
ity and accuracy of the measured composition and spectra. In some cases there
is no longer any significant experimental uncertainty remaining for the theorist
using these data; therefore, the challenges for interpretation are well defined.
Table 1 summarizes recent direct measurements discussed below and gives their
references.
1for completeness we mention that there are other related aspects like the effect of CR on
climate and weather, not addressed here.
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Direct CR observations from balloons and satellites are affected by the solar
wind below a few GeV, which makes their astrophysical interpretation problem-
atic, but at the same time allows detailed studies of solar modulation. Solar
modulation is an important topic not covered in this review. A recent study us-
ing time-dependent measurements of proton and Helium spectra with PAMELA,
and a comparison with heliospheric models, can be found in Adriani et al. (2013c),
to which the reader is referred for further literature.
Another important finding is the observation of anisotropies in the CR flux at
TeV energies and above. It relates to diffusion from discrete CR sources, but also
to the structure of the local interstellar magnetic field and of the heliosphere, and
it is not included in the present review (see e.g. Pohl & Eichler 2013, Schwadron
et al. 2014, for further reading).
Until a few years ago surprisingly little attention was devoted to the task of
collecting CR data in a systematic way, given the huge effort expended in building
and deploying instruments to make the measurements. An initiative started in
2009 (Strong & Moskalenko 2009) has been pursued for several years and is now
superseded by a sophisticated database, which is maintained with incoming data
and offers comprehensive literature and instant plots (Maurin, Melot & Taillet
2014). Interested readers are recommended to access this valuable resource2.
Our understanding of CR data in terms of physical models is still rather rudi-
mentary. For orientation we give a general introduction to the principles involved
before commenting recent results.
2.1 Propagation principles
Galactic CRs are thought to propagate mainly by diffusion due to scattering on
random or turbulent magnetic fields. The spatial diffusion coefficient, Dxx(p),
depends on particle momentum p. Regular transport by convection in Galactic
winds and fountains is also probable. The particle spectra are modified along the
way by energy losses and by diffusive reacceleration. The latter is due to parti-
cle scattering on moving MHD waves. Random wave motions lead to stochastic
acceleration, which is described as diffusion in momentum space with diffusion
coefficient Dpp. Energy losses include a large variety of processes, such as ioniza-
tion and Coulomb interactions with interstellar gas (dominant for low-energy CR
nuclei) and hadronic interactions like pion production (dominant for high-energy
nuclei). Lepton losses are much larger due to synchrotron, bremsstrahlung, and
inverse-Compton interactions, as well as ionization and Coulomb losses. The CR
nuclei produced by the sources (primary CR) also undergo nuclear interactions
with the interstellar gas, producing secondary nuclei by spallation (secondary
CR). CR dynamics in the Galaxy is therefore generally described by a differ-
ential equation which includes acceleration, loss, and transport terms (see e.g.
Strong, Moskalenko & Ptuskin 2007; Zweibel 2013).
CR sources are concentrated in the Galactic plane, and the particles undergo
great numbers of scatterings before finally escaping into intergalactic space. The
escape is an essential, but little understood, part of their history, and is usually
treated simply by setting the CR density to zero at some boundary, a few kpc
above the Galactic plane. Its height can be tested in Galactic-wide propagation
models. The region occupied by CRs is often referred to as the CR halo, and
2at http://lpsc.in2p3.fr/cosmic-rays-db
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similar halos are observed in the radio synchrotron emission from external galaxies
viewed edge-on (Beck 2012).
2.2 Composition of primary cosmic rays
The primary CR composition can be determined from direct measurements, af-
ter accounting for secondary spallation products during Galactic propagation.
The latest elemental composition data are from ACE, CREAM, TRACER, and
TIGER (see Table 1 for details and references).
These data concur to suggest that CRs are accelerated from material of the
general interstellar medium, mixed with only a small fraction of stellar wind
material expelled by the massive progenitors of core-collapse supernovae. The
evidence for this is the generally similar composition of CRs to that of the solar
photosphere or meteorites, after allowing for spallation secondaries.
Deviations from interstellar composition are nevertheless observed, and are re-
lated to primary CR acceleration via first-ionization potential, volatility, and the
isotopic composition in special regions like superbubbles. Elemental and isotopic
abundances therefore give essential clues to the acceleration sites and time scales.
The recent data confirm the CR enrichment, relative to solar abundances, in re-
fractory elements over volatile ones. They also confirm that elements with first
ionization potentials larger than 10 eV are depleted with respect to those with
lower potentials, up to TeV energies per nucleon (Ahn et al. 2010, Rauch et al.
2009).
Yet, the observed dependence of abundances on atomic mass or charge is not
fully explained by ionization potentials and volatility, and some elemental abun-
dances (e.g. Ga/Ge) are inconsistent with a pure interstellar composition. The
organization of the data significantly improves when using a CR composition
mixture of about 20% ejecta of massive stars (including Wolf-Rayet winds and
core-collapse supernovae) and 80% interstellar gas (Rauch et al. 2009). If so,
the acceleration mechanism should be 3 to 4 times more efficient for refractory
elements than for volatiles. This is possible via the acceleration of interstellar
grains, as suggested by Ellison, Drury & Meyer (1997). In this model, dust
grains are charged by photo-ionization and accelerated to modest energies by su-
pernova shock waves. Atoms later sputtered off of these grains are injected in the
accelerating shock with supra-thermal energies, hence they are more efficiently
accelerated than thermal interstellar atoms swept up and heated by the shock.
The grain model has unfortunately not been pursued lately.
The large isotopic ratio of 22Ne/20Ne, which is 5.3 ± 0.3 times higher in CRs
than in the solar system, also provides useful constraints on CR acceleration,
suggesting that acceleration be restricted in time to the early periods of the
SNR expansion, ending well before the end of the Sedov phase (Prantzos 2012).
The high 22Ne/20Ne ratio together with the lack of the unstable 59Ni in CRs
(Wiedenbeck et al. 1999) yield important time constraints for CR acceleration in
massive-star clusters: it should take place soon (< few Myr) after enrichment of
the ambient medium in 22Ne by the Wolf-Rayet winds, and about 0.1 Myr after
a supernova explosion to avoid accelerating freshly synthesized 59Ni. This may
be possible if the injections of 22Ne-rich wind material and of 59Ni-rich supernova
ejecta are sufficiently separated in time (Binns et al. 2007) and if 59Ni largely
remains inside the supernova ejecta, beyond reach of the forward shock wave
(Prantzos 2012). But the full interpretation of these constraints still requires
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detailed time-dependent MHD models of the expansion of multiple shocks (winds
and supernovae) produced with time and space densities representative of OB
associations. CR activity in starburst superbubbles is further discussed in section
8.1.
2.3 Spectral puzzles
2.3.1 Above GeV energies Spectral measurements to high energies are
restricted to the more abundant elements, but the new data from AMS-02,
PAMELA, CREAM, ATIC-2, and TRACER (see Table 1) have revealed spectral
deviations from simple power laws well below the knee energy.
The finding with PAMELA of a hardening of the proton and Helium spectra
near 200 GeV/nucleon has been the subject of much theoretical attention, but
has not been confirmed by AMS-02. A powerful magnet, combined with long
exposures on the International Space Station, gives the latter significant advan-
tages over previous instruments. It shows with high accuracy that the proton and
Helium spectra follow power laws without any break in the 0.1–1.8 TeV band (see
Fig. 1). The Helium spectrum smoothly extends with index 2.65 (in particle flux
per momentum unit) up to 50 TeV. In constrast, the CREAM and ATIC-2 data
require a small upturn in protons above a few TeV, with a change in index from
2.792 ± 0.002 in the 0.1–1.8 TeV band (AMS-02) to 2.728 ± 0.018 above 2 TeV
(CREAM).
Another essential feature is the spectral difference between protons and Helium,
first measured with PAMELA, and then confirmed by AMS-02 (see Fig. 1). The
He/p ratio increases by more than a factor of 2 from 20 GeV to 50 TeV.
The CREAM and TRACER experiments have obtained consistent spectra for
all major nuclei from Boron to Iron, up to a few TeV/nucleon. These spectra,
with indices nearly equal at 2.66± 0.04, are consistent with the Helium one. An
exception is Nitrogen, which shows a flattening beyond 100 GeV/nucleon.
The spectral hardening in protons challenges the current propagation models.
Potential causes under investigation include the manifestation of new types of
CR sources to complement SNRs, spatial variations in diffusion properties, local
anomalies due to nearby sources or to different transport in the Local Bubble,
spallation effects, etc. The change in He/p ratio is rather interpreted in terms of
acceleration processes (different acceleration efficiencies or injection efficiencies
into the shock, chemical variations in the upstream medium, activity of the re-
verse shock, etc.). We point the reader to the introductions of Vladimirov et al.
(2012) and Ptuskin, Zirakashvili & Seo (2013) for further literature on both spec-
tral dilemmas. More data on different nuclei are expected soon from AMS-02.
They should allow these scenarios to be tested with unprecedented accuracy.
2.3.2 Below 2 GeV At low energies, a monumental event has been the
arrival of Voyager 1 near the heliospheric boundary at 122 A.U., on August 25,
2012, and the simultaneous detection of an abrupt increase in CR flux at all
kinetic energies below ∼ 1 GeV (Stone et al. 2013). Whether CRs have fully
unimpeded access to Voyager 1, free of solar modulation and of local interstellar
modulation, is still under debate (Stone et al. 2013). If so, these data allow the
interstellar CR spectrum to be sampled directly for the first time, down to the
kinetic energies below 10 MeV that are essential to estimate the level of CR-
induced ionization in the ISM (see Sect. 5 and Fig. 7 of Padovani, Galli &
Glassgold 2009). The differential spectra of protons and Helium appear to be
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rather flat below kinetic energies of 100 MeV per nucleon (see Fig. 1). We defer
to Sect 4.1 the comparison with the proton spectrum inferred in the nearby ISM
from γ-ray observations, and its implications.
Voyager 1 has also measured a stable He/p ratio close to solar abundance up
to hundreds of MeV in kinetic energy, at variance with the 1.5 solar value found
at TeV energies. We look forward to Voyager 2, which is expected to leave the
heliosphere in a few years, to provide further and independent data at low energy.
2.3.3 CRs inside the heliosphere We shortly digress from direct mea-
surements to remote γ-ray measurements to probe CRs in the region between the
Earth and the Sun. The possibility of detectable γ-rays from CR electrons up-
scattering sunlight or star light was pointed out by Moskalenko, Porter & Digel
(2006) and Orlando & Strong (2007), and confirmed with CGRO-EGRET data
(Orlando & Strong 2008). This emission produces a diffuse “halo” of γ rays, many
degrees in extent, centred on the Sun. The spectrum and angular profile can be
measured to follow the particle evolution. The quiescent solar disc is also a γ-ray
source as CR nuclei interact with the photospheric gas. Continuous monitoring
of these emissions on a daily basis with Fermi -LAT enables systematic studies
of solar modulation through the solar cycle, and of CR transport well within the
orbit of Mercury, which is otherwise hardly possible (Abdo et al. 2011).
This extended emission constitutes a significant γ-ray foreground which has to
be accounted for, and removed, in studies of diffuse γ rays from the Galaxy and
beyond. In future, Fermi -LAT will deepen this study, and eventually detect such
emission around nearby bright O and B stars, thereby opening a window onto
their astrospheres.
2.4 Positron excess at high energies
The most surprising result of the past years was the discovery of a high-energy
excess of positrons over that predicted from the decay of pi+ pions produced in
hadronic interactions between CR nuclei and interstellar gas in the Milky Way
(Adriani et al. 2009). It has since been confirmed by AMS-02 and Fermi-LAT
(see Table 1). In addition to its main goal as a γ-ray telescope, Fermi -LAT
is indeed also an excellent lepton detector. It has helped extend the spectral
measurements to 1 TeV for total leptons and to 200 GeV for separate charges,
with the use of the Earth’s magnetic field to separate them. The ground-based
Cherenkov telescope H.E.S.S. also measures leptons, though not distinguishing
charge. The total lepton spectrum resulting from these instruments shows no
sign of fine structure or peak at a few hundred GeV (invalidating the ATIC-2
detection), but exhibits signs of a cutoff at TeV energies, as expected from the
severe radiative losses incurred by these particles during propagation.
The positron fraction is seen to rise from 0.05% near 10 GeV to about 0.15%
above 200 GeV where it starts to flatten in the AMS-02 data. The rise is due to
an increase in positron flux rather than a deficit in electrons. The excess suggests
a primary positron source, for example pulsars or pulsar wind nebulae, although
much attention has also been devoted to origins in dark matter annihilation
and decay. Different propagation histories between electrons and positrons may
also induce an asymmetry. CR positrons and protons of the same rigidity are
scattered by the same Alfven waves, but not the electrons. Since there are more
waves generated by the numerous CR protons than by the sparse CR electrons,
positrons may diffuse more efficiently and have a longer residence time in the
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Galaxy than electrons (Blandford, Simeon & Yuan 2014).
3 Advances in cosmic-ray propagation
Primary CR nuclei produce secondary nuclei by spallation in the ISM. The rate of
secondary production can be calculated using the primary spectrum and spalla-
tion cross-sections, so that the secondary source function in the diffusion equation
is in principle known. This is the key to using secondary/primary ratios to test
CR propagation models and to constrain the amount of reacceleration during
propagation. Secondaries include antiprotons and positrons as well. Precise an-
tiproton measurements were made by BESS and PAMELA (see Table 1).
The most striking feature in the CR composition is the large abundance of
spallation products like Lithium, Beryllium, Boron, and sub-Iron elements. These
are absent or minor in the ISM, but have comparable abundances to their primary
parents due to the large number of interactions between primaries and interstellar
atoms during their Galactic journey (see Sect. 5.4).
The most useful ratio to probe CR propagation is Boron/Carbon (B/C), which
is accurately measured by PAMELA, AMS-02, and TRACER up to 1 TeV (see
Table 1). Carbon is almost entirely primary, while Boron is entirely secondary,
being a spallation product of Carbon, Oxygen, and heavier nuclei. Hence the
evolution of B/C with momentum p primarily reveals the momentum-dependence
of the diffusion coefficient Dxx(p), somewhat independently of source properties
since secondaries have nearly the same energy per nucleon as the parent. The
measured decrease of B/C with p (see Fig. 3) indicates a decrease in the amount
of matter traversed by the higher-p primaries, thus an increase in Dxx(p) with p.
Representing Dxx(p) as a power law, the index ranges from 0.3 to 0.8 depending
on the model. This index explains the difference between the CR spectra escaping
supernova shockwaves, with index near 2.2, and the steeper spectra observed
in the ISM, with index near 2.7 after propagation. Fig. 3 shows examples of
consistent modelling of the proton, Helium and B/C data from AMS-02 and
PAMELA, with different diffusion assumptions.
Significant curvature is observed in the B/C spectrum above 20 GeV. It can
trace a change in Dxx(p) between the Galactic disc and halo, due to different
levels of MHD turbulence (Evoli & Yan 2014), or a change from CR diffusion
on self-generated Alfven waves (generated by streaming instability) to diffusion
on ambient turbulence in the ISM (Aloisio & Blasi 2013). It can also trace
effects within CR sources, such as reacceleration of Galactic CRs passing by, or
spallation reactions inside SNRs, hence probing the average CR residence time
and gas density inside accelerating remnants (Berezhko et al. 2003).
Radioactive secondaries like 10Be, with its 1.6 Myr rest-frame half-life, are sen-
sitive to the time spent in the Galaxy. The combination of stable and radioactive
secondaries allows the confinement time, thus the size of the CR halo, to be esti-
mated. The measurement of 10Be/9Be up to 2 GeV with ISOMAX (Hams et al.
2004) tends to be higher than predictions from current propagation models, but
it has unfortunately not yet been repeated, the second flight being unsuccessful.
Results from new experiments would be very valuable. The scale-height of the
CR halo can be constrained by the 10Be/9Be ratio but is still uncertain (Putze,
Derome & Maurin 2010; Strong, Moskalenko & Ptuskin 2007; Trotta et al. 2011).
Alternatively, the scale-height can be constrained by propagation analyses of elec-
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tron/positron spectra in the CR together with synchrotron emission (Di Bernardo
et al. 2013).
3.0.1 Parametric studies of CR propagation Systematic paramet-
ric studies of CR propagation models using the USINE code and a Bayesian
Monte Carlo Markov Chain technique (Lavalle, Maurin & Putze 2014; Maurin,
Putze & Derome 2010; Putze, Maurin & Donato 2011) show that a wide range
of momentum-dependence of Dxx(p) can fit the B/C data, in part because they
include convection which allows a larger range of models. They also show that
spectral differences between primaries can be naturally ascribed to transport ef-
fects, and that secondary positrons exclude a very steep variation of Dxx(p),
which was not a very likely scenario anyway. These analyses, and that of Trotta
et al. (2011), illustrate the advantages of a Bayesian approach in constraining
multi-parameter problems of this kind.
3.0.2 Diffusive reacceleration and alternatives Diffusive reaccel-
eration is simply diffusion in momentum due to the gain and loss of momentum
off moving scatterers; hence there is a basic relation between Dpp and Dxx (see
e.g. Strong, Moskalenko & Ptuskin 2007). Thornbury & Drury (2014) give a use-
ful and clear derivation of the reacceleration formula and also clarify its relation
to the original Fermi second-order mechanism. This process has been frequently
included in models since it explains the momentum-dependence of B/C without
an ad-hoc break in the momentum-dependence of Dxx(p) and it is compatible
with the Dxx(p) ∝ p1/3 variation expected for Kolmogorov turbulence. The
question remains, however, of the actual importance of this process in the ISM.
In the models with large reacceleration, a significant amount of energy is injected
into CRs from the ISM itself, so that CR acceleration involves more than just
the standard sources like SNRs. The source of this energy poses a problem and
should be studied in more detail. As discussed in Section 7.2, reacceleration at
the level often invoked seems incompatible with the low-frequency synchrotron
spectrum, which is sensitive to the electron and positron spectra around a few
GeV. Secondary antiprotons provide another test of reacceleration. Models which
fit B/C underpredict antiprotons below a few GeV.
On the other hand, diffusion models without reacceleration have a problem
to reproduce the B/C spectrum without either a very large break in Dxx(p)
(Strong & Moskalenko 1998), an additional velocity dependence in Dxx(p), or
dissipation of MHD waves (Ptuskin et al. 2006). But the use of B/C to constrain
models depends critically on the level of solar modulation adopted to convert the
modelled B/C ratio (outside the heliopshere) to the observed one, since sub-GeV
nuclei are strongly deccelerated in the heliosphere. A lower level of modulation
than the value ≈500 MV often adopted would ease the tension. Lave et al. (2013)
use a modulation potential of 250 MV to compare models with and without
reacceleration to the B/C data taken near the solar minimum.
Convection also plays a role in the sub-GeV/nucleon range, since it gives an
energy-independent escape time. An interpretation of Voyager 1 CR data as
evidence for a Galactic wind, using a 1D transport model, has been put forward
by Schlickeiser, Webber & Kempf (2014).
3.0.3 Secondary production in CR sources In the past, secondary
quantities like B/C and the positron and antiproton spectra have usually been
assumed to be entirely produced in the ISM, and hence related solely to interstel-
lar propagation. As noted above, some secondaries must, however, be produced
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in the CR sources before sprimaries escape, and this produces an additional flux
which complicates the picture. Berezhko & Ksenofontov (2014) calculate an-
tiproton and Boron productions in SNR and compare them with PAMELA and
AMS-02 data. Similarly, Mertsch & Sarkar (2014) compute secondary positron
production in nearby SNR, and relate this to secondary Boron and antiproton
production which can be tested with future data.
3.1 Advances in propagation physics
An important development has been to compute explicitly the trajectories of
charged particles in the magnetised ISM, thus going beyond the analytical ap-
proximations of e.g. the quasi-linear theory. This involves the Lorentz force and
Maxwell’s equations and can address issues like cross-field diffusion, momentum-
dependence, etc. This approach was pioneered by Giacalone & Jokipii (1994,
1999). The turbulent magnetic field is modelled as a superposition of modes with
a power-law spectrum, using Alfven waves (i.e. time-dependent), in addition to
the regular field. The trajectories are computed for large numbers of particles,
and then statistical properties - diffusion tensors etc - are calculated. The diffu-
sion coefficient perpendicular to the magnetic field was found to be much smaller
than the parallel one. Casse, Lemoine & Pelletier (2002) extended this approach
to higher energies and a wide range of environments, including SNR, superbub-
bles and radio-galaxies. Lazarian & Yan (2014) found that superdiffusion - faster
than classical diffusion because of field-line divergence - can be important in CR
source regions.
3.1.1 CR penetration into molecular clouds Fatuzzo et al. (2010)
and Fatuzzo & Melia (2014) have performed numerical experiments using particle
trajectories in various phases of the ISM with MHD turbulence. Their goal was
to obtain scaling relations for the diffusion coefficient Dxx(p) in a variety of
environments in the Galaxy and in CR sources. They have found significant
deviations from the results of quasi-linear theory for strong turbulence. They
have studied spatial diffusion into molecular clouds and the possibility of particle
acceleration by diffusion in energy in these clouds, concluding that it is probably
not very important.
Observations have indicated that CRs with energies above a GeV have diffusion
lengths exceeding typical cloud dimensions (Abdo et al. 2010g, Ackermann et al.
2011b, Hunter et al. 1997), but various mechanisms can alter their flux inside
the dense molecular phase. This is particularly true at energies well below a
GeV that are invisible to γ-ray observations, but essential to gas ionization and
chemistry.
Exclusion processes include resonant scattering on magnetic irregularities gen-
erated by the CRs themselves (excited by their streaming), for wavelengths com-
mensurate with their gyroradii ( mpc). However, maintaining the Alfven waves
against ion friction with the predominant neutrals in the clouds requires too large
a power (Cesarsky & Volk 1978). Another depletion scenario is triggered by the
increased ionization losses in dense gas, which leads to a net CR streaming flux
inward (and electron flux outward), which in turn generates Alfven waves on the
field lines connecting the cloud edges to the intercloud medium. These waves im-
pede CR penetration at energies below a GeV and suppress their flux by several
orders of magnitude at tens of MeV (Cesarsky & Volk 1978, Skilling & Strong
1976), but at GeV energies, Everett & Zweibel (2011) predict only a 7.5% de-
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crease in CR pressure at a rather extreme transition between the warm, diffuse,
ionized medium and a dense, cold atomic or molecular cloud.
The overall magnetic structure of sub-parsec cores also leads to CR exclusion
(magnetic mirroring) or concentration (magnetic focussing). The former domi-
nates in a large variety of core configurations and it adds a depletion factor of 2 to
4 to the density of ionizing CRs (Padovani & Galli 2011). In collapsing pre-stellar
cores, the ionization rate can fall well below 10−18 s−1 in the central condensation
because of magnetic mirroring (Padovani, Hennebelle & Galli 2013).
Conversely, CR trapping in the magnetic bottles created between dense cores
may locally increase the γ-ray emissivity per gas nucleon, qγH, if the trapped
particles substantially lose their energy before being replenished by diffusion. A
3- to 5-fold increase in γ-ray emissivity has been predicted (Cesarsky & Volk
1978), but numerical simulations indicate that TeV particles effectively scatter
off magnetic turbulence and that they smoothly diffuse throughout the complex
uniform+turbulent field of a molecular cloud (Fatuzzo et al. 2010).
For energies above a GeV, all these concentration/exclusion processes leave
an energy-dependent signature that is not detected in the present γ-ray data,
thereby supporting the use of hadronic interactions between CRs and interstellar
gas, and the subsequent γ-ray emission, to trace all forms of gas in the ISM.
3.2 Advances in propagation models
Numerical models of CR propagation are an important tool to enable prediction of
a wide range of observables to be compared with experiments. The original large
project of this kind, GALPROP, is maintained as public software3, with large
number of users and publications based on it. Other projects with similar goals
have been developed, in particular DRAGON (Evoli & Yan 2014, Gaggero et al.
2014, and references therein), which extends the CR propagation to anisotropic
and spatially-dependent diffusion, and to diffusion properties related to the level
of interstellar MHD turbulence. DRAGON is also publicly available4. Examples
of DRAGON predictions for nuclei and leptons are shown in Figs. 2 and 3.
USINE (Putze, Maurin & Donato 2011, and references therein) is a semi-
analytical CR-propagation package, which has the advantage of speed for model
parameter explorations, and which has served many recent investigations.
These numerical packages have limitations in terms of both accuracy and speed,
and hence the spatial resolution achievable. Their use has often been restricted
to 2D models with cylindrical symmetry. The new PICARD code (Kissmann
2014, Werner et al. 2013, 2014) is fully 3D in concept, and has state-of-the art
numerical techniques. It can handle models with spiral structure at good (e.g.
10 pc) resolution with reasonable computer resources.
In future, more detailed physical content is needed in these models, including
Galactic winds, treatment of the boundary conditions, and the connection to the
extragalactic medium. Convection in the form of Galactic winds is supported by
recent X-ray observations (Everett et al. 2012), so it will be important to include
their effect. A Galactic wind driven by CR streaming was studied by Uhlig et al.
(2012).
GALPROP and similar programs are still basically phenomenological, i.e. they
3see http://galprop.stanford.edu and http://sourceforge.net/projects/galprop. For details of
the developments see http://www.mpe.mpg.de/∼aws/galprop explanatory supplement.pdf.
4at http://www.dragonproject.org
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use diffusion and convection as parameterized processes, but do not treat these
at the physical level. They also treat CRs as test particles, and do not include
their dynamical effects on the ISM. A different approach, in which the influence
of CRs on the Galaxy is treated as a CR relativistic fluid in an MHD treatment,
has been used to study a CR-driven dynamo generating the Galactic magnetic
field (Hanasz et al. 2009, 2012b; Wo´ltan´ski, Hanasz & Kowalik 2013). This
uses the PIERNICK program (Hanasz et al. 2010, 2012a). It can be extended
in future to include the energy spectrum of CRs instead of a single fluid, to
enable comparisons with the various observational diagnostics as for the other
approaches. On smaller scales (100 pc), Girichidis et al. (2014) have studied the
dynamical impact of CRs escaping from a SNR on the surrounding ISM using
the MHD code FLASH; the propagation is anisotropic, and the surrounding gas
is accelerated.
The study of CR secondaries, so important for propagation studies, is still
limited by the accuracy of nuclear cross-sections. An initiative to improve them is
described by Moskalenko (2011). A new treatment of the complicated processes
involving the light (Z≤ 2) nuclei is given in Coste et al. (2012), including for
example Deuterium production by p-p fusion reactions. Antiproton production
physics also requires improvements to take advantage of current and future data
(Kappl & Winkler 2014). Hadronic γ-ray and lepton production poses a challenge
to our knowledge of the basic physics as well (Dermer et al. 2013a).
4 Cosmic-ray wanderers in the Milky Way
Constraints on the propagation history of CR nuclei in and around the Galaxy
are registered locally in their composition, and remotely in their interactions with
interstellar gas, therefore in variations of the γ-ray emissivity rate per gas nu-
cleon, qγH. Abundance ratios between CR primaries and/or secondaries suggest
that 10-GeV/nucleon CRs spend most of their 108-year residence time diffus-
ing away from the thin Galactic disc, which they occasionally, but repeatedly,
cross. By the end of their journey, they have traversed a gas column density
NH ≈ 3× 1024 cm−2, which largely exceeds the disc-through integrals of (0.1–
1.4)× 1021 cm−2 characterizing the ISM to a radius of 20 kpc (Kalberla & Dedes
2008, Pineda et al. 2013). These abundance ratios set the magnitude and momen-
tum dependence of the diffusion coefficient, yet one should recall several caveats:
• The observational degeneracy between the momentum-dependence ofDxx(p)
and the particle spectra emerging from sources (Coste et al. 2012; Putze,
Maurin & Donato 2011). This degeneracy is somewhat alleviated by the
observation of secondary-to-primary ratios.
• The possibly strong environmental effects on the diffusion properties via the
level of interstellar MHD turbulence and, in particular, of fast magnetosonic
modes that efficiently scatter CRs (Yan & Lazarian 2008). They imply
different diffusions through the Galactic disc and halo (Evoli & Yan 2014),
hence also in the different ISM phases.
• The local character of the CR sample reaching the Earth, with more than
half of the light/heavy nuclei produced within 2/1 kpc (Taillet & Maurin
2003).
• the specificity of the local ISM with its large cavities open to the halo
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(Galeazzi et al. 2014, Lallement et al. 2014) and surrounded by the Gould
Belt clouds that have formed stars at an enhanced rate over the past 60
Myr (Grenier 2000, Perrot & Grenier 2003). CR sources from the Gould
Belt can induce significant fluctuations in the CR abundance ratios near
the Sun (e.g. by ∼ 50 % in B/C for durations < 0.5 Myr, Bu¨sching et al.
2005). The hollow chimney can severely affect the relative abundance of
heavy nuclei (A ≥ 50, Combet et al. 2005). With the opposite effects of a
lower spallation rate in the chimney and enhanced CR source production in
the expanding Belt, together with potentially different diffusions in and out
of the chimney, the net effect on abundance ratios is unclear. It definitely
requires further modelling to improve the Galaxy-wide propagation models.
In this context, it is worth comparing the CR spectrum inferred from γ-ray
observations in various locations around the Sun and to further distances in the
Local and Perseus spiral arms, where the gas mass and kinematical separation
along sightlines are best constrained.
It is important to probe the CR spectrum in the Hi phase, rather than in
the total gas, because of the more robust NH determination in the Hi than in
molecular gas, and because Hi dominates the surface mass density of the gas
at the solar circle and beyond (Pineda et al. 2013). In the diffuse Hi, where
corrections for self absorption of the 21-cm lines are small, the γ-ray emissivity
qγH has been verified to scale linearly with NHI across the (0.1–2)× 1021 cm−2
range (Abdo et al. 2009). In more massive clouds, qγH values are subject to
10–40 % uncertainties because of the Hi optical depth.
4.1 Cosmic rays in the local ISM
Analyses of the Fermi LAT γ-ray data have revealed a fairly uniform distribution
of qγH emissivities in the Gould Belt and in the Local Arm (Abdo et al. 2009,
2010g, Ackermann et al. 2012b,d,f, 2011b, Casandjian 2012). The emissivity
spectra displayed in Fig. 4 show less than 30 % variations in amplitude and no
spectral change across the γ-ray band, which samples CR energies of 0.5–103
GeV. The variations are commensurate with the uncertainties in NHI and in the
LAT exposure (Ackermann et al. 2012a).
The uniformity is remarkable given the large span in mass of the sampled
clouds, from 103 to 8× 106 M, and given their notable differences in star-formation
activity, from the quiescent Cepheus and Polaris clouds to the starburst region
of Cygnus. The same emissivity is also found in an intermediate-velocity cloud
(IVA in Fig. 4), which appears to be sheared in space and in velocity, at a possible
altitude of 60 pc above the Galactic plane (Planck et al. 2014). Consistent values
are found in three independent sectors along a 3-kpc long segment of the Local
Arm . They compare well with the average obtained locally in thinner Hi gas at
medium latitudes.
The observation of a uniform qγH emissivity in the solar neighbourhood pro-
vides a reference for the local interstellar spectrum (LIS) of CRs well outside
the heliosphere (Casandjian 2012, Dermer et al. 2013b, Casandjian et al. ICRC
2013). Figure 1 shows a preliminary proton spectrum inferred from the local qγH
measurement. Uncertainties in the hadronic production cross sections still limit
its precision to within 30 %, but the data provide clear experimental evidence for
solar modulation below tens of GeV, and for good consistency between the CR
spectra in and out of the solar system at high energy.
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There are preliminary indications of a break in the γ-ray inferred LIS below a
few GeV in momentum. It is compatible with propagation effects and supported
by the data taken by Voyager 1 near the heliopause. The Voyager data in fact
suggest a pronounced turnover in momentum spectrum near a GeV, i.e. a rather
flat particle differential spectrum for kinetic energies below 100 MeV (see Fig. 1).
On the one hand, the CRs detected by Voyager 1 may still be decelerated by solar
modulation and the true LIS may be above these data points; the question is still
open (see the discussion in Stone et al. 2013). On the other hand, the γ-ray LIS
extraction at low momentum is hampered by the uncertain subtraction of electron
radiation in qγH at low γ-ray energies, and the break could be more pronounced.
Voyager 1 has indeed detected a larger electron flux locally than that used to
derive the broken power law shown in Fig. 1. Below the break, models predict
a falloff due to ionization losses that cannot be probed in γ rays, but the value
of the break momentum itself bears information on adiabatic losses from a local
Galactic wind and on the inhomoegeneity of the CR source distribution in the
solar vicinity (Schlickeiser, Webber & Kempf 2014).
The Voyager 1 data represent either the actual sub-GeV LIS, or a lower limit
to it. Conversely, the γ-inferred LIS yields an upper limit to the sub-GeV LIS.
Together they bracket the span of low-energy CRs more tightly than the test
cases studied to estimate the CR ionization rate, ζHCR, of H atoms in the local
ISM (Padovani, Galli & Glassgold 2009; Rimmer et al. 2012). We have used the
new data of Fig. 1 to calculate ζHCR and the local CR energy density. To do
so, we have extrapolated the Voyager 1 data down to 1 MeV and we have used
the ionization cross section of Spitzer & Tomasko (1968) and solar modulation
potentials of 450-500 MV for Pamela (Adriani et al. 2011) and 400 MV for AMS-
02. The latter was set to ensure compatibility of the demodulated spectrum with
the γ-inferred LIS. Accounting separately for the CR protons and He spectra,
and adding the contribution from heavier CR nuclei according to their fractional
abundance and charge and/or mass (Padovani, Galli & Glassgold 2009), we obtain
ζHCR ≈ 1.4× 10−17 s−1 and a CR energy density of 1.9 eV cm−3. Using the same
proton spectrum at high energy, but the extrapolation of the γ-inferred LIS down
to 1 MeV, and scaling for the contribution of heavier nuclei, we find an upper
limit of 2.8× 10−14 s−1 to ζHCR. This corresponds to a CR energy density so
much larger than those of the other interstellar components (gas, magnetic field,
starlight) that its consequences should be investigated.
A low sub-GeV CR spectrum, close to the Voyager 1 data, implies a rather
mild decline in ionization rate with increasing depth inside the nearby clouds
(Padovani, Galli & Glassgold 2009; Rimmer et al. 2012). It also implies an
ionization rate that is interestingly an order of magnitude below those derived
from the bulk of the Galactic measurements of molecular ions in the diffuse
ISM, even though the Sun lies in a diffuse region where low-energy CRs should
not be severely depleted (see Indriolo 2012, for the ζH2CR distribution deduced
from H+3 absorption lines, with ζ
H
CR ≈ 0.65 ζH2CR). Locally, the ζHCR upper limits
of (2 − 12)× 10−17 s−1 obtained toward 100-200 pc distant stars in Sco-Oph
compare well with the estimate based on Voyager data. But toward the more
distant Perseus OB2 cluster (300 pc), the parallel observation of ten times larger
ionization rates and of an almost uniform flux of super-GeV CRs over this zone
(as seen in γ rays) betrays strong environmental effects in the spatial distribution
of the lowest-energy CRs.
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4.2 Cosmic rays in the outer Galaxy
The surface density of potential CR sources is expected to rapidly decline beyond
the solar circle, along with the star-formation rate (Urquhart et al. 2014). We
therefore expect a downward gradient in CR density as we move out in Galactic
radius. However, the Fermi LAT data displayed in Fig. 4 show that the γ-ray
emissivity per gas nucleon, qγH, decreases by only 20% to 40% from the Local to
the outer spiral arms, with no significant spectral change. These values readily
confirm the long-standing “CR gradient problem”, first raised by COS-B obser-
vations (Strong et al. 1988), then with CGRO-EGRET (Digel et al. 2001): the
shallow qγH gradient in the outer Galaxy is barely consistent with the largest halo
size of ∼ 10 kpc allowed by the 10Be/9Be data for a uniform diffusion coefficient
and for a CR-source distribution peaking in the inner Galaxy as expected for
supernova remnants or pulsars (see Fig. 4).
Furthermore, the contrast in qγH between the Local or Perseus arms and their
interregion is less than 10–20% despite different interstellar and stellar environ-
ments. The correspondence in Fig. 4 between the qγH profile and that of the
surface density of the gas mass wrongly suggests a linear coupling between the
CR and ISM densities because the azimuthal averaging does not respect the spi-
ral structure of the Galaxy. Such a coupling has been modelled (Hunter et al.
1997) and rejected by the data; it yields for instance a twice larger emissivity
than actually measured in the 14–16 kpc range.
In order to mitigate the gradient problem, Evoli et al. (2012) have proposed
a strong, almost linear, coupling between the CR-source surface density and the
diffusion coefficient perpendicular to the regular magnetic field. It is physically
motivated by the enhanced turbulence level induced by stellar and supernova
activity, which scatters CRs off the spiral arms and smooths out the radial dis-
tribution. It will be challenging, but instructive, to test this scenario at closer
range against the lack of contrast in qγH (in magnitude and spectrum) in and out
of the well-known Local and Perseus arms.
An alternative or complementary solution to the gradient problem is to look
for missing gas in the inventory of the outer Galaxy since the γ rays trace the
product of the CR and gas densities. Cold Hi in the CNM is more prone to self
absorption than diffuse warm Hi. From 8.5 to 10 kpc in radius, the twofold drop
in CNM fraction cannot flatten the qγH profile. Beyond 10 kpc, the 15–20 % CNM
fraction is rather uniform (Dickey et al. 2009, Pineda et al. 2013) and it should
not strongly bias the measurement of an outward qγH gradient when averaging
data over large regions.
On the other hand, large quantities of gas escape radio surveys at the dark-
neutral-medium (DNM) interface between the Hi-bright and CO-bright media
(see section 7.1). The abundance of missing gas exceeds that of the CO-bright
H2 beyond the solar circle (Pineda et al. 2013, Planck Collaboration et al. 2011a).
The γ-ray analyses include a joint γ-ray+dust map to account for this missing
DNM gas, but only as integrals along sightlines and with a downward bias since
the dust-to-gas ratio is known to decrease radially outward with metallicity (Sand-
strom et al. 2013). Future observations of other DNM tracers, such as OH, CH,
or C+, will constrain the DNM mass to large radii, but they require much higher
instrumental sensitivities than currently available. Stellar extinction and redden-
ing from future deep surveys provide an alternative. It is indeed important to
accurately quantify the gas mass in the outer arms to assess whether the mea-
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sured qγH emissivities truly reflect large CR fluxes to ionize and heat the outer
ISM.
4.3 Cosmic rays in the inner Galaxy
Fermi LAT γ-ray maps cover the full sky with angular resolution varying from
degrees to several arcminutes with increasing photon energy. They allow critical
tests of global Galactic models of CR emission. Figure 5 shows a full-sky map
obtained for energies above 1 GeV, which readily displays how CR emission dom-
inates over other sources of γ rays in the Galactic disc. It spectacularly illustrates
the close synergy between the total ISM traced in γ rays and in dust, thereby
demonstrating the absence of large variations in CR density across the Galaxy
(for GeV–TeV nuclei), even toward the active inner regions.
The first notable interstellar result from Fermi -LAT was the finding that the
excess observed with CGRO-EGRET in the GeV range above the expected inter-
stellar emission was evidently an instrumental effect. Hence this aspect covered
in earlier reviews (e.g. Strong, Moskalenko & Ptuskin 2007) must be revised.
A representative γ-ray spectrum of the inner Galaxy is displayed from 20 keV
to 100 GeV in Fig. 6 (see also Fig. 15 of Ackermann et al. 2012g), together
with its decomposition into continuum and line emission components, positro-
nium included (Bouchet et al. 2011, Strong 2011). The Fermi -LAT data show
reasonable agreement with the model predictions, which are chosen to be con-
sistent with locally-observed CR spectra. The most detailed analysis to date
(Ackermann et al. 2012g) finds a global agreement between GALPROP mod-
els and the Fermi -LAT data, for both spectra in various sky regions, and for
broad longitude and latitude distributions. On smaller scales, however, there are
numerous regions at variance with the average particle distributions predicted
by a Galaxy-wide model such as GALPROP. There is also still some sign of a
high-energy excess, but this awaits reanalysis with improved data reductions and
increased statistics from the extended mission. Inverse Compton emission no-
tably contributes at both ends of the Fermi -LAT range, which can be jointly
used in the future to explore the soft radiation fields in the inner Galaxy. The
emission in the 1-30 MeV range is above the predictions, perhaps due to a popu-
lation of MeV γ-ray sources. Future data from Fermi -LAT should probe at least
the upper end of this important and unexplored range. Likewise, measurements
with Fermi -LAT of the qγH emissivity profile toward the inner spiral arms will
be obtained soon to test the relative importance of diffusion and advection in CR
transport in the turbulent inner regions, and to test the presence of a Galactic
wind in the central zone (Breitschwerdt, Dogiel & Vo¨lk 2002; Zweibel 2013).
4.3.1 Populations of unresolved γ-ray sources Extended supernova
remnants may contribute to the apparently diffuse γ-ray emission in the Galac-
tic disc, and to the excess at GeV energies (Vo¨lk & Berezhko 2013). They are
often difficult to separate from their clumpy interstellar environment, even with
detectable fluxes, because of the limited angular resolution of Fermi -LAT. Pop-
ulations of faint, unresolved sources, below the detection threshold, may also
contaminate the interstellar emission (Ackermann et al. 2013a, Strong 2007).
It involves mainly young and recycled millisecond pulsars. Their contribution
amounts to several percent of the total diffuse emission above 10 GeV, and this
fraction is expected to increase with poorer angular resolution at lower energies.
This contamination has been largely ignored in analyses up to now. It does not
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directly impact the measure of the ISM γ-ray emissivity, qγH, which is based on a
spatial correlation between the γ-ray signal and gas column densities, as long as
the gas and contaminating source distributions do not strongly correlate in space.
Middle-aged and old pulsars, which dominate the γ-ray pulsar population, are
fortunately loosely connected to the gas structures. This condition is likely to fail
in the directions tangent to the spiral arms and in the crowded regions around
the Galactic centre.
4.3.2 The Fermi Bubbles and Galactic centre The most spectacular
discovery in the area of extended emission was the so-called Fermi Bubbles (Su,
Slatyer & Finkbeiner 2010); this is arguably the most unexpected discovery of
the Fermi mission so far. A detailed spatial and spectral analysis is presented
in Ackermann et al. (2014). The bubbles are two ∼ 50o diameter, oval regions
of emission with sharp edges, roughly symmetrical with respect to the Galactic
centre. They extend over several kpc toward the north and south Galactic poles,
assuming a large distance as seems probable given their apparent relation to the
Galactic centre and their axis perpendicular to the Galactic plane (the local ISM
is dominated by the inclined geometry of the Gould Belt, Lallement et al. 2014,
Perrot & Grenier 2003). They have a much harder spectrum than the rest of the
interstellar emission, hence they appear clearly in skymaps at energies above 10
GeV even without complex foreground modelling.
They partially overlap two giant radio lobes emanating from the Galactic bulge
and permeated by large magnetic fields, up to 1.5 nT (Carretti et al. 2013). These
lobes transport 1048 J into the halo and are possibly driven by the Galactic wind
evidenced through multi-wavelength observations of the central 200 pc zone. The
Fermi Bubbles are certainly filled with CRs with a radiative power of 2× 1030
W in γ rays, but the hadronic or leptonic nature of the dominant particles is
presently unknown.
Hence the bubbles have relevance to CR origin and propagation, but it will be
a long time before their actual role becomes clear. CR pressure is necessary to
launch a massive wind in the inner Galaxy (Zweibel 2013). The central supernova
rate can sustain the large CR population required to power such a wind and to ex-
plain the non-thermal emissions observed in the region (Crocker et al. 2011), but
with difficulties (Yoast-Hull, Gallagher & Zweibel 2014). Observations include
synchrotron ageing of CR electrons with increasing distance from the Galactic
plane (Law 2010), and diffuse TeV emission detected by H.E.S.S. and attributed
to pion decay, possibly from a transient source of CR protons near the Galactic
centre (Aharonian et al. 2006). The data suggest that most CRs be advected
away into the halo (Crocker et al. 2011). It is, however, unclear whether the
Fermi Bubbles record the past starburst and wind activity of the central nucleus,
or jet activity from its black-hole. Among the many models, Yang, Ruszkowski
& Zweibel (2013) made detailed simulations of a leptonic origin from recent AGN
jet activity; Lacki (2014) proposed CR acceleration at starburst wind termination
shocks, while a hadronic model with 100 Myr confinement has been suggested by
Crocker et al. (2014). Past AGN activity has also been invoked (Barkov & Bosch-
Ramon 2014). The presence of a powerful CR-driven wind would help explain
the relatively small gradient observed in interstellar γ rays toward the central
zones (Breitschwerdt, Dogiel & Vo¨lk 2002). Ultraviolet absorption spectroscopy
has been used to trace the kinematics of gas associated with the Fermi Bubbles,
which can be interpreted in terms of a biconical outflow at velocities exceeding
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900 km s−1 (Fox et al. 2014). As for the AGN connection, we remark that the
Fermi Bubbles bear a close resemblance to the lobes of the nearby Cen A radio
galaxy, which have also been detected by Fermi -LAT (Abdo et al. 2010d).
The Galactic centre itself shows two bright coincident γ-ray sources, above 1
GeV with Fermi -LAT and up to 40 TeV with H.E.S.S. (Chernyakova et al. 2011),
with matching, but complex spectra, and whose origin is unclear at present. Pos-
sibilities include large numbers of pulsars (millisecond or normal, Yuan & Zhang
2014), CR proton sources (Carlson & Profumo 2014), lepton sources, and dark-
matter models. The coincidence with the extended 511 keV positron annihilation
line source observed by INTEGRAL is intriguing; perhaps the sources are related
in some way.
4.4 Global properties of the high-energy Galaxy
Figure 7 shows the luminosity spectrum of the Galaxy from radio to γ rays, as
well as proton and electron luminosities (Strong et al. 2010). This is what an
extraterrestial, or rather an extragalactical colleague (e.g. in M31) would observe
looking at our Galaxy. It illustrates that high-energy radiation is only a small
fraction of the optical and infrared emission. It shows that hadronic and leptonic
processes have comparable power, and that the leptonic emission is roughly equal
in the synchrotron and γ-ray bands (inverse Compton emission). The Galaxy is a
fair lepton calorimeter, with about half the energy escaping to intergalactic space,
which is of interest in the context of the radio-far-infrared correlation observed
in galaxies (see Sect. 8.4). In contrast, CR protons escape with only about 10 %
loss by hadronic interactions with gas. The total CR-related luminosity of the
Galaxy is about 1041 erg s−1 (depending on the model adopted), consistent with
the supernova rate, the energy released in their explosions, and a few percent
acceleration efficiency.
5 Cosmic-ray/ISM interaction processes
Cosmic rays interact with interstellar matter in two distinct ways: through col-
lective behaviour and by microscopic atomic, molecular, and nuclear processes.
Collective interactions include those with magnetic fields and waves, and nat-
urally yield to a fluid description at energies where the mean-free-path is very
small compared with characteristic scales (Zweibel 2013). At the other extreme,
CR particles collide one-by-one with interstellar atoms, molecules, and dust par-
ticles, and with the radiation field. In order to appreciate the effects of CRs on
interstellar matter and to understand the indirect tracers of them, it is necessary
to consider many processes over an enormous range of energy.
5.1 Atomic and molecular processes
Many aspects of interstellar matter require a microscopic, kinetic description,
because the physical and chemical states of the gas and dust are far from ther-
modynamic equilbrium. Details can be found in recent textbooks, for example
Draine (2011), Tielens (2005). Briefly, the most important coupling between CRs
and interstellar matter is through ionization processes. Most of the Galactic inter-
stellar mass is contained in the neutral phase and most of that is hydrogen, either
in atomic (H) or molecular (H2) form. Columns of neutral hydrogen NH ∼ 1018
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to 1021 cm−2 are sufficient to make the neutral interstellar matter opaque to ion-
izing radiation from the hottest, most luminous thermal sources. To first order,
hydrogen-ionizing photons are confined to the immediate surroundings of their
stellar sources in ionization-bounded, photoionized nebulae. Outside the nebulae,
ultraviolet (UV) starlight with photon energies hν < 13.6 eV can still penetrate
the gas, ionizing trace elements with lower ionization potentials like C, S, Si, Mg,
Fe, etc., until the column of associated dust particles grows thick enough to shield
the gas completely. This radiation can also photodissociate molecules, although
H2 and CO partly shield themselves even at small depths where dust particles
are ineffective. Thus the fractional ionization of the neutral ISM is thought to
vary from x(e) = n(e)/nH ∼ 10−4 where carbon remains mostly ionized, decreas-
ing with an increasing shielding column to x(e) < 10−7. A neutral region where
thermal UV photons dominate the ionization, chemistry, and thermal state of the
gas is called a photon-dominated region (PDR), which includes by definition the
so-called diffuse and translucent molecular clouds (Snow & McCall 2006).
Beyond the PDR, into the opaque zone of dark clouds and giant molecular
clouds, it is thought that CRs control much of the ionization, chemistry, and
thermal balance. The neutral interstellar matter will always retain some degree
of ionization wherever CRs penetrate or wherever long-lived radioactive nuclei
(notably 40K) persist. If the residual ionization remains high enough, then the
magnetic field can remain coupled to the gas over time scales long compared
with the dynamical ages of clouds and filaments and thus remain important
in the collapse to form stars; however, if the ionization becomes low enough,
then the field can diffuse out of a cloud allowing it to collapse faster (Padovani,
Hennebelle & Galli 2013). The thermal state of the neutral gas is directly linked
to ionization mechanisms, through which the liberated electrons transform atomic
binding energy to kinetic energy in the gas. In PDR, photoelectric ejection from
dust particles and very large molecules (e.g. polycyclic aromatic hydrocarbons,
PAH) is an important heating input.
CR nuclei and electrons ionize atoms and molecules in collisions. In the case
of CR protons on hydrogen, the most important primary processes are:
CR + H→ H+ + e− + CR and CR + H2 → H+2 + e− + CR
in which the CR loses a negligible fraction of its energy and the liberated electron
carries off a typical kinetic energy of 35 eV, almost independent of the CR energy.
The CR barely feels this loss of energy and continues on its path. The electron is
sufficiently energetic to ionize at least one additional atom or molecule, yielding
further secondary electrons. The electron also engages in (a) inelastic collisions
that excite bound states of hydrogen and helium and (b) elastic collisions with
atoms, molecules, and thermal electrons. The competition among these processes
depends upon the fractional ionization, molecular fraction, and helium abundance
with different probabilities at each energy (Dalgarno, Yan & Liu 1999) as the
initial electron cascades from 35 eV down to the mean thermal energy of the
gas, ∼ kT ∼ 8.6(T/100 K) meV. That is, from the point of view of an ambient
atom at 100 K temperature, even a 35 eV electron is superthermal by a factor
> 103. The fraction of the initial electron energy that goes into heating is nearly
100% in fully ionized gas, but closer to 20% in neutral gas where secondary
ionization and bound-state excitations prevail. Thus the heating rate by CRs in
neutral gas is of the order of 10−27(ζCRH/10−16) ergs s−1 per hydrogen, where
ζHCR is the effective ionization rate [s
−1 per H]. A crucial point is that CRs can
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penetrate large columns of interstellar matter and ionize some hydrogen and
helium in places that are well shielded from other sources of ionization like UV
and X-ray photons. The ionization process provides enough heating to raise
the gas temperature (lowest observed values near 8 K) above that of the cosmic
microwave background (2.7 K). CR ionization also yields enough ions to drive
observable chemical activity through ion-neutral reactions that proceed rapidly
even at temperatures below 10 K.
CR Helium and heavier nuclei also ionize interstellar atoms and molecules, but
at proportionally lower rates owing to their lower abundances in the CR spectrum.
The processes, cross sections, and rates of all the important CR ionizing processes
have been reviewed recently by Padovani, Galli & Glassgold (2009, 2013).
5.2 Cosmic-ray-induced ultraviolet radiation
An electric discharge in H2 gas produces a characteristic UV emission spectrum
at wavelengths λ < 200 nm. Similarly, the secondary electrons from CR ion-
ization of interstellar hydrogen can generate an internal source of UV radiation
deep inside molecular clouds where starlight does not penetrate. The photochem-
ical consequences of this UV radiation were first analyzed by Prasad & Tarafdar
(1983). The UV spectrum of H2 excited by electron-impact was modeled in
more detail including the scattering effects of interstellar dust (Cecchi-Pestellini
& Aiello 1992; Gredel et al. 1989; Sternberg, Dalgarno & Lepp 1987) and approxi-
mate expressions for the resulting photo-rates in the ISM have been incorporated
into widely used chemical reaction networks (e.g. the UMIST database for astro-
chemistry5 McElroy et al. (2013) and the Kinetic Database for Astrochemistry,
KIDA6, Wakelam et al. 2012). There is still a need for more general descriptions
of the spectra of CR-induced photons that are based upon the basic cross sec-
tions (Abgrall et al. 1997, Aguilar et al. 2008, Jonin et al. 2000), especially now
that the electron-impact UV emission spectrum of H2 can be identified directly
in some circumstellar disks (Ingleby et al. 2009).
Most interstellar molecules are photodissociated mainly by continuous absorp-
tion processes, in which case the dissociation rates due to CR-induced UV radi-
ation scale linearly with the CR ionization rate of H2, ζ
H2
CR, and depend on an
average probability that the photons are scattered or absorbed by dust particles.
There are three molecules, H2, CO, and N2, which are photodissociated at wave-
lengths λ > 91.2 nm only via narrow line absorptions rather than continuous
processes. Thus the CR-induced photorates for CO and N2 are extremely sensi-
tive to accidental coincidences in line wavelengths: extensive laboratory data and
detailed calculations are needed to determine the rates. For example, when ζH2CR
= 10−16 s−1, the CR-induced photodissociation rate of N2 is ≈ 10−15 s−1, while
the rate for the 14N15N isotopologue is quite different (Heays et al. 2014). This
is one of the processes that can enrich molecular nitrogen in the heavier isotope
in space. Such isotope fractionation can propagate through chemical networks to
other—more easily observable—molecules.
5http://www.udfa.net
6http://kida.obs.u-bordeaux1.fr
22 Cosmic Rays and the ISM
5.3 Interaction with solid particles
Interstellar dust particles make up approximately one per cent by mass of the to-
tal interstellar matter. The particles responsible for extinction of starlight (with
diameters of the order of 0.1 µm) have refractory cores composed of amorphous
carbon, silicates, and other materials. These particles present an average geomet-
rical cross section of ∼ 10−21 cm2 per interstellar hydrogen. Where the particles
are cold, Tdust < 20 K, the abundant volatile species in the gas (C, N, O, and
their molecular forms, H2O, NH3, CO, etc.) freeze out onto the solid surfaces.
Chemical reactions occur in these icy mantles, and the chemical processing can
be enhanced by exposure to electromagnetic radiation, thermal changes, and par-
ticle bombardment. CR protons of energy ≥ 1 MeV have a range in amorphous
carbon of ≥ 2.8 × 10−3 g cm−2; therefore, all such CRs pass through a typical
interstellar dust grain without losing significant energy. From the perspective
of the dust particle, however, the amount of energy deposited in a CR event is
substantial. The possible effects of CRs on interstellar dust and ice mantles have
been investigated in laboratory experiments at low energies, 1 MeV/nucleon or
less (Palumbo et al. 2008, e.g.), and more recently at energies of the CRs that
also ionize gaseous hydrogen in the ISM (Dartois et al. 2013, Seperuelo Duarte
et al. 2009). However, it may be difficult to distinguish effects of 1–100 MeV
nuclei from those of UV photons (Gerakines, Moore & Hudson 2001; Mun˜oz
Caro et al. 2014). More importantly, the direct CR interactions with ice mantles
tend to be less important than photo-desorption and photo-processing caused by
the CR induced UV radiation described in the preceding subsection (Shen et al.
2004). Particle bombardment is expected to reduce the porosity of water ice, for
example, consistent with the infrared absorption spectra of interstellar ices that
indicate a general lack of highly porous solid water (Dartois et al. 2013).
5.4 Spallation and synthesis of light elements
Abundances of the isotopes of the light elements, Li, Be, and B, are especially im-
portant manifestations of CR interactions with interstellar matter. Because these
nuclei undergo fusion reactions at relatively low temperatures inside stars, they
tend to be destroyed rather than formed in stellar nucleosynthesis. Thus their
abundances in interstellar matter are partly controlled by spallation reactions in
which Galactic CR protons and α particles on C, N, and O nuclei yield 6Li, 7Li,
9Be, 10B, and 11B in predictable amounts. There is competition from reverse
spallation, where C, N, and O nuclei in the CR spectrum react with ambient
hydrogen and helium, and also from neutrino-induced spallation in supernovae
of type SNe II (Woosley et al. 1990) and possibly SNe Ic (Nakamura et al. 2010).
The isotopes 6Li, 9Be, and 10B are created mainly by CR spallation in the ISM.
7Li comes from spallation and from (ν,He) in SNe, Big-Bang nucleosynthesis,
stars on the Asymptotic Giant Branch (AGB), and novae. 11B comes from spal-
lation and from (ν,C) in SNe, AGB stars, and novae. Thus the isotope ratios in
Li and B are governed not only by spallation rates, but also by the integrated
history of stellar evolution, mass-loss, and mixing in the Galaxy.
In principle, the abundances of Li, Be, and B can be measured both in inter-
stellar gas and in the Galactic CR spectrum (e.g., Adriani et al. 2014). With
sufficiently accurate measurements of the light isotopes and of a progenitor nu-
cleus (C or O, for example), it should be possible to determine the contributions
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of CR spallation, local variations in CR fluxes, and of diffusion to the production
rates. In detail there are complications (see Sect. 3).
The 7Li/6Li abundance ratio can be measured directly in the ISM. For example,
Knauth, Federman & Lambert (2003); Knauth et al. (2000) found a ratio of ≈ 2
in several diffuse clouds, a value which differs from that in the solar system (12.3)
and which signifies recent lithium production from spallation. Observations of
relatively low values of 7Li/6Li in interstellar matter near the supernova remnant
IC 443 provide further evidence of recent lithium production by CR spallation and
suggest that neutrino-induced spallation in the supernova event plays a minor role
in lithium production (Taylor et al. 2012). Other measurements of the lithium
isotope ratio are taken as evidence of homogeneous mixing and rapid recycling
of the interstellar gas (Kawanomoto et al. 2009).
The abundance of boron and the 10B/11B ratio in interstellar gas have been
studied (Howk, Sembach & Savage 2000, Lambert et al. 1998, Ritchey et al.
2011). It is now possible to investigate abundances of the light elements and
their isotopes in other galaxies. The Small Magellanic Cloud (SMC) has both
lower abundances of interstellar C,N,O (Korn et al. 2000, Salmon et al. 2012)
and lower CR fluxes than the Milky Way (Abdo et al. 2010f).If forward spalla-
tion dominated B production, its production rate in the SMC should be approx-
imately 5% that of the Milky Way (Brooks et al. 2002). The interstellar lithium
abundance in the SMC (Howk et al. 2012) is consistent with expectations from
Big Bang nucleosynthesis, thus placing constraints on the contributions of stellar
nucleosynthesis and CR spallation in that low-metallicity system. Boron has now
been detected in galaxies at high redshift (z = 2.0 − 2.6 ) via absorption spec-
troscopy of damped Lα systems toward quasi-stellar objects (Berg et al. 2013,
Prochaska, Howk & Wolfe 2003). Reverse spallation (interstellar H and He as
targets) might dominate in a metal-poor ISM, an effect that would be expected to
increase with redshift. Interstellar beryllium has so far evaded detection (Hebrard
et al. 1997).
6 Cosmic-ray Stimuli on the ISM
6.1 In the vicinity of cosmic-ray sources
Gamma-ray emission at GeV (Fermi -LAT) and TeV (H.E.S.S., MAGIC, VERI-
TAS) energies has been associated with 17 prominent supernova remnants, with
convincing, albeit not firm, observational evidence for in situ acceleration of CR
nuclei in several instances. In parallel, acceleration by shock waves directly from
the thermal gas has been explicitly demonstrated in the ab-initio simulations of
MHD turbulence and ions by Spitkovsky (2008) for relativistic shocks (relevant
to γ-ray bursts and active galactic nuclei) and by Gargate´ & Spitkovsky (2012)
and Caprioli & Spitkovsky (2014) for non-relativistic shocks, relevant to SNR.
This seems to solve the ‘injection problem’ for CR acceleration, since it does not
require the prior presence of supra-thermal particles. The acceleration efficiency
is found to be 10-20%, compatible with the energy requirements for a SNR origin
of CRs. The fraction of thermal material accelerated to the non-thermal phase
is of order 10−3. The energy spectrum in the non-thermal region exhibits a -2
spectral index, as in the standard theory of strong shock acceleration.
A few remnants among the γ-ray emitting ones are known to overtake sur-
rounding clouds, which can serve as calorimeters to estimate the total energy in
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escaping CRs. The example of W28 and the TeV source H.E.S.S. J1801-233 is
often quoted7 (Hanabata et al. 2014). It is unclear how the slowing down of the
shock wave in the dense cloud and the enhanced dissipation of Alfven waves due
to the ion-neutral collisions in the dense gas actually impact the emerging CR
and γ-ray spectra (Ellison & Bykov 2011, Fang et al. 2013, Fang & Zhang 2013).
It is also possible that pre-existing Galactic CRs be reaccelerated by the slow
shock in the crushed cloud, or that particles accelerated earlier in the SNR his-
tory remain trapped in the interaction region and produce pion-decay radiation
even if shock acceleration is not efficient (Tang & Chevalier 2014, Uchiyama et al.
2010).The potential detection of γ rays from SNR-molecular-cloud associations
has stimulated much new work on the early propagation of CRs near their sources
(Malkov et al. 2013; Nava & Gabici 2013; Ptuskin, Zirakashvili & Plesser 2008;
Telezhinsky, Dwarkadas & Pohl 2012). Because of the gradient in CR density
outside the SNR, the particles excite Alfven waves and their diffusion coefficient
is both reduced below the standard ISM value, and anisotropic along and across
the ambient regular magnetic field. It is still unclear how far the “enhanced CR
cloud” extends and how long it survives to be detectable, but theoretical progress
is rapid.
It is of interest to know how the CR spectrum extends in the crushed cloud
below 100 MeV, where ionization and heating of interstellar matter is efficient.
An increase in the CR-ionization rate above the Galactic average might be ob-
servable through enhanced abundances of molecules that are especially sensitive
to the ionization rate. Ionization rates enhanced by as much as a factor of 102
have been inferred in molecular gas near the γ-ray-emitting SNR W 51C (Cec-
carelli et al. 2011) and W 28 (Vaupre´ et al. 2014), based mainly on observations
of mm-wave emission lines of the molecular ions HCO+ and DCO+. However,
the abundance of the main isotopologue H12C16O+ cannot be determined from
saturated line intensities without good knowledge of the distribution of tempera-
ture and density in the emitting gas, nor can the DCO+/HCO+ abundance ratio
be used as a reliable measure of the electron fraction unless the temperature-
dependent deuterium fractionation is well constrained. Hydrogen ions are more
direct tracers of superthermal ionization. Indriolo et al. (2010) observed inter-
stellar absorption of H+3 along six sightlines that pass through molecular material
near the SNR IC 443 and deduced H2 ionization rates ζ
H2
CR ≈ 2× 10−15 s−1 in
two cases.
Other probes to be investigated include H+2 that might be detectable at infrared
and radio wavelengths (Becker et al. 2011) in extreme cases where the product of
ionization rate and H2 density integrated over path length, η =
∫
ζH2CRn(H2)d` ≥
109 s−1 cm−2. The H+2 lines are excited directly by the ionization of H2, so
that their fluxes are proportional to the integral above and are insensitive to
conditions like density and temperature. When the CR exposure is as high as
η ∼ 109 s−1 cm−2, then the distortion-induced rotational transitions of H+3 in the
far-infrared (Black 1998, Pan & Oka 1986) might also become detectable.
7The other TeV sources detected near W28, H.E.S.S. J1800-240 A and B, correspond to
more distant star-forming regions embedded in giant molecular complexes at 3 kpc (Sato et al.
2014). The relative angular sizes of W28 and of these massive complexes, and the linear sizes
of tens of parsecs of the latter, indicate that the SNR lies too far in front of these complexes to
use them as useful probes for CR diffusion.
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6.2 Interstellar ion chemistry driven by cosmic rays
Low-energy CRs, < 100 MeV/nucleon, ionize H, H2, and He, which are otherwise
well shielded from ionizing starlight in neutral interstellar gas (see Sect. 5.1).
The ionization products, H+, H+2 , and He
+, react with other interstellar atoms
and molecules and drive an active ion-neutral chemistry even at temperatures
near absolute zero. The astrochemistry directly related to CR ionization has
been reviewed recently by Indriolo & McCall (2013). In neutral regions with
a high molecular fraction, f(H2) = 2n(H2)/[2n(H2) + n(H)] ∼ 1, almost every
ionization event forming H+2 is followed by the rapid reaction H
+
2 +H2 → H+3 +H .
The interstellar H+3 molecular ion is observable by high-resolution absorption
spectroscopy toward background stars at infrared wavelengths, while the highly
reactive H+2 has not yet been observed in space.
Production of the hydrogen ions also initiates the ion chemistry of oxygen, the
third most abundant element in space. Aside from the accidentally near-resonant
charge transfer with protons H+ + O⇀↽H + O+ which is sensitive to temperature
at T < 300 K, this ion-neutral chemistry remains rapid even at the lowest in-
terstellar temperatures. The ion chemistry of oxygen-bearing ions is thought to
be well understood and supported by accurate reaction rate coefficients (Hol-
lenbach et al. 2012). As illustrated in the reaction flow diagram (Fig. 8), the
charge of CR-produced H+ and H+3 is transferred readily to OH
+, H2O
+, and
H3O
+. The efficiency with which the oxygen ion sequence proceeds all the way
to the saturated ion H3O
+ is limited mainly by the molecule fraction of the gas:
if f(H2) << 1, then the abundance of OH
+ is favored. Only when f(H2) ∼ 1
does formation of the highly reactive ions OH+ and H2O
+ lead to H3O
+ with
high efficiency. Thus the H2O
+/OH+ ratio is sensitive to f(H2). In molecular
regions, these ions spawn important neutral molecules OH and H2O in abun-
dances that depend on the abundance of free electrons. Atomic carbon has an
ionization potential less than that of atomic hydrogen and is therefore suscepti-
ble to photoionization by ultraviolet photons of the background starlight, which
penetrate through diffuse molecule gas (visual extinction AV ≤ 1 magnitude).
Thus carbon ion chemistry in diffuse and translucent molecular gas tends to be
dominated by photoionization rather than CR ionization. In diffuse and translu-
cent gas (PDR), starlight photoionization leads to C+, CH+2 , CH
+
3 , etc., which
react with products of CR ionization (OH, H2O) to provide the main sources of
HCO+ and CO. In contrast, in dense, dark regions where f(H2) ∼ 1, the reaction
H+3 + CO → HCO+ + H2 may be both the main source of HCO+ and one of
the main sinks of H+3 . In general, the abundant (HCO
+/H2 ∼ 10−9) and widely
observed ion HCO+ is not necessarily a direct tracer of CR ionization: (a) its ro-
tational emission lines readily become optically thick (saturated) so that there is
not a linear relation between line intensity and column density (abundance), and
(b) its formation and destruction are partly controlled by ionization processes
that do not involve CR.
The abundant C+ and S+ ions from photoionization in diffuse molecular gas
also participate in the formation of CH+ and SH+ in turbulent dissipation regions
(TDR), where a high-temperature chemistry is thought to operate over relatively
small scales of length (1011 − 1013 cm) and time (1 − 102 years). Models of
TDR chemistry have developed considerably in recent years (Godard, Falgarone
& Pineau Des Foreˆts 2009; Godard, Falgarone & Pineau des Foreˆts 2014), par-
ticularly in response to Herschel observations of CH+ and SH+ absorption lines
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over long path lengths through the Galactic ISM (Falgarone et al. 2010a,b, Go-
dard et al. 2012). In a very broad sense, the TDR chemistry may be related to
CRs through their coupling to interstellar turbulence on large scales. There are
tantalizing hints of a more active TDR chemistry in the nearby starburst galaxy
M 82, where the abundance ratio CH+/CH is much higher than in our Galaxy,
which might signify a larger input of CR-driven turbulence in that galaxy (Welty
et al. 2014).
The discovery of a noble-gas molecule, ArH+, together with OH+, in the Crab
Nebula supernova remnant (Barlow et al. 2013) reveals an environment where
molecular ions can be used to probe the competition between energetic parti-
cles and non-thermal UV/X-radiation. ArH+ was subsequently shown to be
widespread in interstellar absorption, where it is likely formed by the reaction
Ar++H2 → ArH++H following CR ionization of neutral Ar (Schilke et al. 2014).
Because ArH+ is destroyed readily by reaction with H2, it evidently traces neu-
tral gas of low molecular fraction, f(H2) ≈ 10−4 to 10−3. The column densities
of ArH+, OH+, H2O
+, and HF, taken together, should offer a good diagnostic of
the distribution of the fractional abundance of H2 (Schilke et al. 2014). Unfor-
tunately, sensitive observations of most of these species require high-resolution
spectra at submm wavelengths, best obtained with an orbiting telescope like
Herschel, which completed its mission in 2013 with no successor in sight.
6.3 Observations of molecular ions: H+3
The central role of the H+3 ion, produced by CR ionization, in interstellar chem-
istry (Herbst & Klemperer 1973) was confirmed by its discovery in dense molec-
ular clouds through high-resolution infrared spectroscopy (Geballe & Oka 1996).
The identification of H+3 in diffuse molecular gas (Geballe et al. 1999, Indriolo
et al. 2007, Indriolo & McCall 2012, McCall et al. 1998, 2002, 2003) as well as in
dense clouds (Brittain et al. 2004, Gibb et al. 2010, Kulesa 2002, McCall et al.
1999) meant that the cosmic ray ionization rate could be inferred in two dis-
tinct chemical regimes. In the diffuse gas where the fractional ionization is high,
x(e) = n(e)/n(H2) ≥ 10−4, and photon-dominated, the H+3 abundance is limited
by dissociative recombination with e−. In dense clouds that are opaque to UV
radiation, H+3 is removed mainly by reactions with O, CO, and other neutral
species.
Detections of H+3 in 21 out of 50 observed diffuse lines of sight were collected
by Indriolo & McCall (2012), who deduced values of the CR ionization rate of
H2 in the range (1.7± 1.3)× 10−16 < ζH2CR < (10.6± 8.2)× 10−16 s−1 and found
some upper limits as low as ζH2CR < 0.4 × 10−16 s−1. The mean value derived
from the distribution of measured rates is 〈ζH2CR〉 = 3.5+5.3−3.0 × 10−16 s−1. These
results show that the CR ionization rate does vary from place to place, and they
confirm that the ionization rate in thicker, denser clouds tends to be lower than
in the diffuse clouds. Indriolo et al. (2012) combined infrared observations of H+3
with submm-wave absorption observations of OH+ and H2O
+ in the same diffuse
cloud toward W 51 in order to constrain the molecular hydrogen fraction in the
photon-dominated part of the cloud and to deduce ζH2CR = (4.8±3.4)×10−16 s−1.
Crabtree et al. (2011) compared the abundances of the para and ortho nuclear-
spin-symmetry species of H2 and H
+
3 in diffuse molecular clouds and found that
the spin temperature is lower in H+3 than in its neutral parent H2. A full inter-
pretation will require better knowledge of the state-specific rates of dissociative
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recombination with electrons and might have consequences for the inferred CR
ionization rates (Albertsson et al. 2014).
The central part of our Galaxy is clearly special. At the infrared wavelengths
of the H+3 absorption lines, the extinction by interstellar dust is small enough
that background stars in the Galactic Center can be observed with good sensi-
tivity and high spectroscopic resolution. Thus it has been possible to map H+3
across the 200 pc diameter Central Molecular Zone (CMZ) of the Galaxy (Goto
et al. 2014, 2002, 2011, 2008, Oka et al. 2005), with results reviewed by Geballe
(2012) and Goto et al. (2013). Although the large molecular mass of the CMZ is
concentrated in dense molecular clouds, these occupy only a small fraction of its
volume. The H+3 observations revealed large column densities and surprisingly
high abundances in excited rotational states (Goto et al. 2011, Oka et al. 2005) at
radial velocities distinct from those of the dominant giant molecular clouds; this
implies the existence of an interesting component of dilute, n(H2) ≤ 100 cm−3,
and warm, T ∼ 200 K, molecular gas, with a large filling factor relative to the
denser clouds (Oka & Epp 2004). Moreover, the ionization rate in the CMZ is
estimated to be ζH2CR ≈ (2 − 7) × 10−15 s−1 (Goto et al. 2013, Oka et al. 2005),
that is, ≈ 10 times higher than in the Galactic disk. Observations toward two
stars in the central star cluster, GCIRS 1W and GCIRS 3, have revealed H+3
in several different kinematical components within the CMZ (Goto et al. 2014).
The molecular gas at velocities +20 to +80 km s−1 is thought to be confined
very close to the GC and appears to be even hotter, T ≈ 300± 50 K, and much
denser, n(H2) ≥ 104 cm−3, than the dilute gas of the CMZ, but with a similar
CR ionization rate, ζH2CR > 1.6× 10−15 s−1(Goto et al. 2014). That the ionization
rate is higher than in the diffuse molecular gas of the Galactic disk is perhaps
not surprising, considering that the frequency and density of supernovae must
be higher in the GC. Several recent studies have assembled more comprehen-
sive descriptions of the energetic particles and photons in the Galactic Center
(Yoast-Hull, Gallagher & Zweibel 2014; Yusef-Zadeh et al. 2013, e.g.).
6.4 Observations of molecular ions: OH+, H2O
+, H3O
+
Recent advances in submm-wave astronomy have made it possible to observe the
reactive molecular ions OH+n (n = 1 to 3) and thus to test longstanding predic-
tions of interstellar chemical models (see Sect. 6.2). Interstellar OH+ was first
detected by Wyrowski et al. (2010) with the Atacama Pathfinder EXperiment
(APEX) telescope shortly before the first surveys of this ion with the HIFI in-
strument aboard Herschel Space Observatory were completed (Gerin et al. 2010,
Neufeld et al. 2010). The OH+ ion can now be observed via ground-based optical
spectroscopy, too (Kre lowski, Beletsky & Galazutdinov 2010; Porras et al. 2014).
The water ion H2O
+ was also surveyed with Herschel absorption observations
(Schilke et al. 2010, Wyrowski et al. 2010).
The abundances of the OH+n ions in relation to the CR ionization rate have been
explored through detailed models (Hollenbach et al. 2012), which complement
the analytical approximations that apply in the limit of low f(H2). The three
OH+n ions are also observed in absorption and/or emission in star-forming regions
(Benz et al. 2013, 2010, Gupta et al. 2010, van der Tak et al. 2013), in planetary
nebulae (Aleman et al. 2014, Etxaluze et al. 2014), and in the Crab Nebula
(Barlow et al. 2013), but these are instances of UV/X-ray photochemistry rather
than a manifestation of CRs.
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Indriolo et al. (2014) have assembled the Herschel absorption observations of
the OH+n ions in multiple velocity components along 20 lines of sight in the
Galaxy. These observations trace diffuse gas of low molecular fraction that has a
Gaussian distribution with mean and standard deviation f(H2) = 0.042± 0.018.
The derived CR ionization rates in this component of gas outside the CMZ display
a log-normal distribution with a mean ζHCR = 1.8 × 10−16 s−1 and a standard
deviation in the logarithm of 0.29. Diffuse gas near the Galactic Center is exposed
to ionization rates ∼ 102 times higher. Since ζHCR ≈ 0.65 ζH2CR, these results are
completely consistent with the ionization rates derived from H+3 observations of
diffuse molecular gas (Sect. 6.3). The ubiquity of OH+, H2O
+, and ArH+ (Schilke
et al. 2014) in regions of low f(H2) provides independent evidence of a significant
component of neutral, molecule-containing gas that will not be traced in surveys
of molecular emission lines like CO (cf. Sect. 7.1).
Unlike its highly reactive precursors (OH+ and H2O
+), the H3O
+ ion is found
mainly in regions of higher density and higher molecular fraction; nevertheless,
it is still widespread. Herschel observations of H3O
+ line absorption over long
sightlines toward Sgr B2 and W 31C revealed surprisingly large amounts of the
ion in highly excited rotational energy levels (Erot/k ∼ 1000 K above the ground
state). These rotationally “hot” molecules do not require molecular gas at high
kinetic temperature (≥ 400 K) because the exoergic formation process H2O+ +
H2 → H3O+ + H converts the chemical energy difference between reactants and
products into internal (rotational) energy of H3O
+ (Lis et al. 2014). In this
interpretation, the observations place rather direct constraints on the chemical
source rate of H3O
+, and they imply CR ionization rates that are in harmony
with the rates deduced from OH+, H2O
+, and H+3 both in the Galactic disk and
in the CMZ.
7 Cosmic-ray tracers of the ISM
7.1 Tracing gas and dust properties
Accurately tracing the gas mass at all cloud scales plays a pivotal role in under-
standing galaxy evolution and the gas structure that leads to star formation with
a given efficiency and initial mass function. Close-up studies offer key data to test
the reliability of NH measures, commonly evaluated from Hi lines and from CO
rotational emission lines as a proxy for cold H2. Herschel has recently opened
access to new line surveys, among which the ubiquitous [Cii] line at 158 µm,
which arises from all gas phases except the UV-shielded H2 (Pineda et al. 2013).
Thermal emission from dust grains and γ rays from CR interactions with the
gas nucleons complement the line data with the advantage of tracing the whole
gas indifferently, but with the disadvantage of integrating NH column densities
across the whole Galaxy.
The empirical XCO factor that relates NH2 column densities and integrated
12CO (1→0) line intensities (WCO) has recently been reviewed by Bolatto, Wolfire
& Leroy (2013). Across galaxies, XCO varies only moderately with metallicity
and UV-flux gradients. Past the central few kpc, it averages out to uniform values
to large radii (Glover & Mac Low 2011, Sandstrom et al. 2013). Within individual
clouds, XCO is expected to decrease from the molecular outskirts, where CO is
exposed to photodissociation and weakly excited, to the dust-shielded cores where
CO self shields and most of the carbon is locked in CO instead of C+, but where
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12CO lines become saturated. Large XCO fluctuations may result from local
imbalance between CO formation and dissociation in the optically thin envelopes
(Glover & Clark 2012, Lee et al. 2014, Sheffer et al. 2008), but they may average
out along sightlines (Liszt, Pety & Lucas 2010).
The Hi-H2 interface is rich in dense and opaque Hi, and in CO-faint or CO-
dark H2 (van Dishoeck & Black 1988; Visser, van Dishoeck & Black 2009; Wolfire,
Hollenbach & McKee 2010). Both the atomic and molecular parts of this interface
can easily escape Hi and CO surveys. Early dust studies hinted at the presence
of dust excesses over the Hi and CO contributions (e.g., Blitz, Bazell & Desert
1990), but the importance of this “dark neutral medium” (DNM) interface in the
interstellar mass budget has been revealed by jointly using CRs and dust to trace
large gas masses not accounted for in Hi and CO emission (Grenier, Casandjian
& Terrier 2005). The correlation between the two tracers is essential to rule out
localized variations in dust-to-gas ratio, dust opacity, or CR flux (Planck et al.
2014). The first γ-ray and dust study revealed a DNM mass equal to about 30%
of the CO-bright mass in the local ISM (Grenier, Casandjian & Terrier 2005).
Later studies have increased this local fraction to 118 % and 164 %, but with the
sole use of dust to estimate the mass (Paradis et al. 2012, Planck Collaboration
et al. 2011b). Dust and [Cii] line analyses suggest that the DNM fractional mass
increases with radius in the Galaxy (Langer et al. 2014, Pineda et al. 2013, Planck
Collaboration et al. 2011a). In the absence of extensive [Cii], CH or OH surveys,
and given the difficult [Cii] separation between the DNM and the other neutral
and ionized phases (Langer et al. 2014), one must presently rely on the spatial
correlation between γ-ray and dust excesses over Hi and CO expectations in a
cloud to quantify and map the elusive DNM phase. We look forward to the first
confrontations of the DNM maps with [Ci], [Cii], CH, and OH line data in nearby
clouds, away from the Galactic plane confusion, to learn more about the DNM
chemical composition.
CRs expose the total gas to view, regardless of its thermodynamical and chemi-
cal state, thereby enabling the calibration of other tracers as well as measurements
of Hi opacities and XCO ratios. The NH tracing relies on the assumption of a
uniform CR flux through the Hi and H2 phases of a given cloud. The large CR
diffusion lengths in the ISM and the observed uniformity of CR spectra across gas
phases give weight to this assumption (see Sect. 3.1.1). CRs have thus long been
used to unveil molecular clouds (e.g., Black & Fazio 1973, Lebrun & Paul 1983), to
calibrate XCO (Strong et al. 1988, and references therein), and to discover DNM
envelopes of nearby clouds (Grenier, Casandjian & Terrier 2005). Such studies
have leaped forward with Fermi LAT observations. We briefly summarize results
obtained so far in the different regions referred to in Fig. 4.
7.1.1 In the Hi: The choice of Hi spin temperature modifies the contrast
between peaks and troughs in the derived NHI maps. This choice can be tested
against the γ-ray intensity produced in the Hi gas (Abdo et al. 2010g, Ackermann
et al. 2012f, Planck et al. 2014). The results obtained for the Cepheus and
Cygnus clouds agree with the precise, but sparse, values measured with paired
absorption/emission Hi spectra, but such tests are restricted to uniform spin
temperatures so far.
7.1.2 In the DNM: DNM column-density maps in nearby clouds show
that this phase occupies a volume and exhibits column densities close to that
of the dense Hi around the CO-bright cores (Abdo et al. 2010g, Ackermann
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et al. 2012d,f, Planck et al. 2014). Comparing the mass locked in the Hi-bright,
DNM, and CO-bright phases in the current sample of 104–106 M clouds, we find
that the DNM mass compares with the CO-bright one (40–190 %), but that it
represents only about a fifth of the Hi-bright mass. Compared to the total mass in
a cloud, the DNM often amounts to less than 20% because of the predominant Hi
gas, but there can be large deviations: two nearby complexes in the 2005 CGRO-
EGRET sample reached mass fractions of 35% and 60%. The low fractions
measured locally compare with the average near 20 % found with [Cii] in the
Galactic disc for clouds exhibiting dense CO (Langer et al. 2014). We caution,
however, that mass fractions involving the Hi mass can be uncertain because of
the ill defined outer Hi edge of a cloud in the observations.
Dust UV shielding in the DNM phase is essential to theoretically explain the
Hi-H2 transition and the CO observations (Lee et al. 2014): the larger the visual
extinction, AV , the thinner the CO photodissociation layer (see Fig. 17 of Langer
et al. 2014 and Wolfire, Hollenbach & McKee 2010). Figure 9 shows γ-ray esti-
mates of the AV /NH ratios in the DNM, with values comparable to those found
in the Hi gas. Yet, we observe a puzzling evolution of the DNM fractional mass
with AV in separate clouds of the same complex (Planck et al. 2014): its rise with
the average AV across the CO-bright part is at odds with the marked decline ex-
pected from the thinning of the CO photodissociation layer. Models also predict
that ∼ 30 % of the H2 mass should be CO-dark (Levrier et al. 2012; Wolfire,
Hollenbach & McKee 2010). The CO-dark H2 fractions shown in Fig. 10 often
exceed the theoretical expectations whether we adopt a half or fully molecular
composition for the DNM. In view of these results, we cannot conclude whether
the DNM is mostly atomic or molecular, especially since the Hi↔H2 transition
is very dynamical in space and time (Glover & Mac Low 2011). This uncertainty
justifies the neutral DNM appellation over the “CO-dark H2” one also in use.
7.1.3 About XCO: Recent XCO measurements made in γ rays in the local
ISM and in the outer Galaxy are shown in Figure 9, together with the XCO profile
obtained from the radiative transfer of 12CO and 13CO lines, assuming variations
in [CO]/[H2] abundance linked to the metallicity gradient (Pineda et al. 2013).
The γ-ray estimates require no assumption about a metallicity or CR-density
gradient, only that of a uniform CR penetration between the Hi and CO-bright
gas of a given complex, kinematically separated from other clouds along sightlines.
Both profiles may jointly hint at an XCO increase with Galactic radius. It would
be more pronounced than in external galaxies, but caution is strongly advised
since the CO-transfer estimates reflect the input metallicity gradient, and the
γ-ray signal from the outer arm is faint and point-source contamination difficult
to remove.
The γ-ray data yield an average XCO value at parsec scales in the Gould Belt
clouds of 0.9× 1020 cm−2 K−1 km−1 s and a kpc-scale average in the Local and
Perseus Arms of 1.9× 1020 cm−2 K−1 km−1 s. The low XCO values in nearby
clouds compare well with high-resolution estimates based on CH data or molec-
ular chemistry in diffuse clouds (Cotten & Magnani 2013; Liszt, Pety & Lucas
2010). The local-arms average is only 30 % larger than the mean found in ex-
ternal galaxies (Sandstrom et al. 2013). The factor of 2 difference between the
Gould Belt and local arms cannot be attributed to metallicity variations. Diffuse
molecular envelopes cover larger surfaces than dense cores in well-resolved nearby
clouds. This would bias the cloud average XCO upward, not downward, as XCO
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increases toward cloud edges (Cotten & Magnani 2013; Lee et al. 2014; Liszt,
Pety & Lucas 2010). It remains to be checked whether the difference stems from
a bias in the component separation between the CO-bright and much more mas-
sive Hi and DNM phases. It can result from pile-up along sightlines and/or the
increased level of cross-talk in the radio maps of distant complexes. Observations
of face-on versus edge-on external galaxies do indicate a larger XCO ratio in the
latter (Sandstrom et al. 2013).
7.1.4 On dust properties: CRs have recently been used to quantify how
dust emission properties, per gas nucleon, vary from the diffuse Hi to the dense H2
environments in the translucent Chamaeleon clouds (Planck et al. 2014). They
have revealed a 2- to 4.6-fold rise in grain emission opacity as the gas becomes
denser and grains less heated, as attested by a 2-fold drop in their radiated power.
Figure 11 shows these important trends. They confirm the opacity changes re-
cently noted inside the Hi phase (Planck Collaboration et al. 2014b), or from
comparisons between dust emission and absorption data (Martin et al. 2012, Roy
et al. 2013), with the CR advantage of independently accounting for the total
NH in the opaque Hi, DNM, and CO-bright H2 gas. The opacity variations pre-
sumably indicate a chemical and/or structural change of the grains, perhaps in
response to ice-coating and aggregation. The magnitude of the variations can
severely bias the derivation of XCO to high values when using dust emission to
trace the gas (e.g. by 190% in the Chamaeleon complex, see Figure 9). The
magnitude of the opacity variations also raises a cautionary flag for the use of
dust emission to retrieve Hi optical depths and spin temperatures in the opaque
CNM (Fukui et al. 2014).
Further comparisons between γ-ray and dust-absorption determinations ofXCO
are of crucial importance to assess whether the cloud-to-cloud variations found in
the literature stem from the choice of total gas tracer, from the sampling scale in
the cloud, or from environmental differences. The same remark holds for cloud-
to-cloud variations in dust emission or absorption opacities which can be gauged
with the independent γ-ray data. The clouds off the Galactic plane exhibit large
differences in emission opacity (Planck Collaboration et al. 2014a), which may
largely be due to the DNM column densities missing in the gas census in this work
(compare these variations with the sky maps of Planck Collaboration et al. 2011b
and Grenier, Casandjian & Terrier 2005). Yet, accounting for all forms of γ-ray
emitting gas in the Chamaeleon clouds leaves unexplained 2-fold differences in
emission opacity and specific power between these clouds and the all-sky average
(Planck et al. 2014): they may hint at cloud-to-cloud, therefore environmental
changes in dust properties. The new mm and γ-ray all-sky surveys open the
way to stimulating studies to explore the origin of grain evolution in a variety of
environments.
7.2 Tracing cosmic-ray leptons and the magnetic field
Synchrotron emission from CR electrons and positrons give an essential comple-
mentary view (to γ rays) of the distribution and spectrum of leptons throughout
the Galaxy. Since synchrotron also depends on the magnetic field, the joint anal-
ysis with γ rays should allow an unambiguous picture to be developed. While
this has not been completed yet, comparison of CR propagation models with
synchrotron data (Jaffe et al. 2011; Lineros, Bringmann & Donato 2012; Strong,
Orlando & Jaffe 2011), shows the power of this approach. It illustrates the use
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of low-frequency synchrotron (below a few 100 MHz) to probe leptons in the
regions where solar modulation makes direct measurements problematic, and at
the same time providing an interstellar spectrum for testing modulation models
themselves. The comparison with CR propagation models also emphasizes the
importance of secondary electrons and positrons in addition to primary CR elec-
trons for interpreting synchrotron spectra, espacially at low frequency (see Fig 12,
(Strong, Orlando & Jaffe 2011)). Note however that these model spectra do not
include the contribution from the positrons responsible for the excess above 10
GeV detected by PAMELA, Fermi-LAT and AMS-02, which are presumably pri-
mary (see Section 2.4). This will increase the intensity at frequencies above a few
GHz, and is important to consider in future.
The study of Galactic synchrotron radiation was extended to full-sky spatial
distribution and polarization data by Orlando & Strong (2013), Sun et al. (2008)
using a range of magnetic field models from the literature. They provide useful
constraints on the strengths of the regular and anisotropic fields in the disc and of
the toroidal field in the halo. They also explore the height of the CR electron halo.
The role of old supernova remnants in the form of ‘radio loops’ was studied by
Mertsch & Sarkar (2013). They conclude that the loops may make an important
contribution to the fine structure of the synchrotron sky.
The magnetic field model of Jaffe et al. (2011), using the Hammurabi software
(Waelkens et al. 2009) to compute synchrotron, includes a so-called striated field
with reversals, which affect rotation measures but not the synchrotron emission.
A new model by Jansson & Farrar (2012a) based on WMAP radio surveys and
40000 extragalactic rotation measures was compared with synchrotron data in
Jansson & Farrar (2012b), and with WMAP polarization data in Farrar (2014).
This model includes the X-shape feature in the magnetic field observed in external
galaxies, and unlike other previous models, the field is divergence-free - a physical
constraint on possible field configurations.
Spectral index variation of polarized emission measured by WMAP (Fuskeland
et al. 2014) will provide essential information both on the regular magnetic field
and CR lepton propagation.
For an extensive review of the whole subject of magnetic fields in galaxies see
Beck & Wielebinski (2013) and also Haverkorn (2015). These cover also external
galaxies, like the face-on grand-design spiral M51. But we caution against the
extensive use in such work of the so-called equipartition method, which assumes
an equality of energy in CRs and magnetic fields, and for which there is no real
justification.
8 Cosmic rays in star-burst environments
8.1 Effect on cosmic-ray composition
It has long been expected that massive-star forming regions host CR factories
since ∼ 80 % of all Galactic supernovae are core collapse explosions with progen-
itors formed in OB associations (Higdon & Lingenfelter 2005). Shockwaves of
thermonuclear and core-collapse supernovae sweep material of different metallic-
ities (1.3 Z in the ISM, 2–3 Z in superbubbles, Lingenfelter & Higdon 2007),
so the CR composition holds a record of the mixing of supernova ejecta, pro-
genitor wind, and ISM gas in the acceleration site. 22Ne/20Ne, Si/Fe, and N–
Sr abundances give a record integrated over 1–20 Myr in the local spiral arms
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(Lingenfelter & Higdon 2007). Both refractory and volatile elements indicate a
mixing by mass of 80 % of older ISM gas with 20 % of ejecta and wind material
(Rauch et al. 2009). The lack of 59Ni in the CR composition also sets a minimum
timescale of ∼ 0.1 Myr between the synthesis and acceleration of heavy nuclei
(Binns et al. 2007, Wiedenbeck et al. 1999). It is the time required for 59Ni to
decay by electron capture whereas bare nuclei, stripped of their electrons at the
CR-accelerating shock, would survive. It has been argued that the average time
between supernovae in an OB association is long enough compared to the 59Ni
half-life to prevent substantial acceleration of recently synthesized 59Ni before it
can decay (Binns et al. 2007). Little is known, however, on the potential accelera-
tion of 59Ni (before decay) by the powerful stellar wind shocks and, in general, on
CR propagation in the highly turbulent media characterizing starburst regions,
and on the collective action of multiple shockwaves to accelerate CRs or to re-
accelerate older CRs passing by (Bykov & Toptygin 2001, Ferrand & Marcowith
2010). Parizot et al. (2004) suggest that collective effects in superbubbles are
important for CR acceleration to knee energies.
Fermi LAT observations have at last opened a new window on high-energy
particles in these active regions, both in the Milky Way and in external galaxies.
8.2 A cocoon of young cosmic rays in Cygnus X
Bright stellar clusters in the Cygnus X region, with high densities of massive
stars and very young ages of 3–6 Myr, have carved their parent clouds over tens
of parsecs through the combined action of their intense ionizing radiation and
energetic winds. The latter can develop a total energy comparable to that of
a supernova over the few-Myr period of strong winds (Ackermann et al. 2011a,
Parizot et al. 2004). The 1-100 GeV images from the Fermi -LAT have revealed an
extended source of hard emission that fills the region bounded by the ionization
fronts as in a cocoon (see Fig. 13). The emission spectrum may break around a
few TeV and extend to beyond 20 TeV if the hardly-resolved TeV sources observed
in this direction are the counterparts to the 10 GeV cocoon (Bartoli et al. 2014).
The hard γ rays cannot be explained by inverse Compton scattering of the large
stellar and interstellar radiation fields in the region, nor by hadronic interactions
of Galactic CRs in the large gas masses (see Fig. 13). The emission requires
a hard distribution of probably freshly-accelerated CR nuclei, with a spectrum
close to E−2.4CR and a total energy of only 10
42 J above 2 GeV/nucleon (Ackermann
et al. 2011a). Their origin is unknown. They may have been accelerated by a
supernova remnant hidden in the region, or by the dispersed ensemble of stellar-
wind shocks and supersonic turbulence in the cocoon (Ackermann et al. 2011a, on-
line supplement). They may also be older Galactic CRs re-energized by the wind-
powered magnetic turbulence. It will require detailed models of this complex,
dense, and high-pressure environment to decide among these scenarios.
The cocoon detection raises another important issue on the early propagation of
CRs, once they escape from their accelerator and before they travel at large in and
off the Galactic disc. The conditions prevailing in the cocoon suggest a regular
magnetic field strength of 2 nT (if in pressure equilibrium with the gas) and an
energy-containing scale of 10 pc for the turbulence. With magnetic turbulence
near saturation, the CR diffusion length in the cocoon can be 100 times smaller
than in the normal ISM, thereby implying an efficient proton confinement over
100 kyr, in agreement with the 59Ni timescale. The question then arises of the
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actual CR spectrum leaking out of starburst bubbles and impinging the remains
of the parent clouds, at GeV-TeV energies relevant for diffusion diagnostics at
larger kpc scales, and at sub-GeV energies relevant for ionizing and heating the
surrounding clouds.
8.3 Normal galaxies
Nearby external galaxies provide the opportunity to study the CR distributions
via the outside view of their radio and γ-ray emission, in order to investigate
the key role played by magnetic fields and CRs in the feedback between star
formation activity and the ISM dynamics. Unfortunately the γ-ray flux from
normal galaxies is low and the poor angular resolution severely limits the imaging
possibilities. Only M31 and the Large and Small Magellanic clouds (LMC and
SMC) have been detected so far by Fermi LAT (Abdo et al. 2010a,e,f). The total
emission from M31 is consistent with a CR density similar to that in our Galaxy,
whereas the lower values found in the LMC and SMC (< 30 % and < 15 % of
the Galactic value) confirm the production within galaxies of GeV-TeV CRs,
as first evidenced by the CGRO-EGRET observations (Sreekumar et al. 1993).
The LMC emission is interestingly concentrated in the 30 Doradus starburst
region, and it does not correlate well with the gas in the early maps recorded by
Fermi LAT even though CRs can sample the mean ISM density in a starburst
environment over a large range of interstellar conditions (Boettcher et al. 2013).
Spatial correlations between the warm dust emission, radio synchrotron emission,
and GeV γ rays indicate a 50 times shorter diffusion length for 20-GeV CR
protons in the vicinity of 30 Doradus than in the Galactic ISM (Murphy et al.
2012). This low value compares favourably with the expectation quoted above
for the turbulent medium of Cygnus X.
Radio interferometric observations of external galaxies enable studies of CR
electrons and magnetic fields. Face-on spirals like M51 can be studied with res-
olutions down to about 200 pc and reveal the relation of CR electrons to spiral
arms and to the compression of the regular and turbulent parts of the magnetic
field (Fletcher et al. 2011). Galaxies have synchrotron halos extending to sev-
eral kpc from the disk, and observations of those seen edge-on allow a study of
the vertical propagation of CR electrons and magnetic fields in their halos. A
large project (CHANG-ES) to observe 35 edge-on galaxies with the JVLA is in
progress and will provide a valuable resource for such work (Irwin et al. 2012a,b,
2013). Most observations are taken at GHz frequencies to obtain the angular
resolution required, but lower frequencies are more suited for synchrotron studies
by reducing the contribution from the free-free emission. Extension to 100 MHz
with the LOFAR array is now starting (Mulcahy et al. 2014) and will be followed
by the Square Kilometer Array (SKA)8 down to about 300 MHz.
8.4 Starburst galaxies
The discovery of a correlation between the far-infrared and radio luminosities
of galaxies (Helou, Soifer & Rowan-Robinson 1985) has highlighted the close
relationship between the CR electron energy content of a galaxy and its star
formation rate (SFR). Such a correlation can be explained via the supernova
rate if the galaxy is a good electron calorimeter, in other words if they lose
8https://www.skatelescope.org/
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their energy to synchrotron radiation inside the galaxy (Voelk 1989). A similar
correlation would hold between the FIR and γ-ray luminosity if the galaxy is
a good proton calorimeter. Reality is complicated by variations in magnetic
field strengths which impact synchrotron losses, by non-radiative losses such as
ionization in dense clouds, by secondary lepton production in dense clouds, and
advection of CRs and magnetic fields in a galactic wind (e.g. Boettcher et al.
2013, Yoast-Hull et al. 2013a). Starburst galaxies provide extreme test cases
of these scaling relations. Four objects (M82, NGC 253, NGC 1068, and NGC
4945) have been detected by Fermi LAT with γ-ray luminosities that scale with
the SFR measured via FIR or radio-continuum luminosities (Abdo et al. 2010c,
Ackermann et al. 2012e). M 82and NGC 253 have also been detected at higher
energies with VERITAS and HESS, respectively (Acero et al. 2009, VERITAS
Collaboration et al. 2009). The level of CR versus AGN activity in other starburst
detections at GeV and TeV energies is unclear, although progress is being made
(Yoast-Hull et al. 2014).
The first interpretations of the scaling laws and radio+γ-ray spectra vary in
their approximations, but they point to large calorimetric efficiencies for the CR
electrons and to efficiencies below 50 % for the protons (Abramowski et al. 2012,
Ackermann et al. 2012e, Paglione & Abrahams 2012, Yoast-Hull et al. 2013b).
The hard and flat spectra recorded to TeV energies favour energy-independent
loss mechanisms for the CR nuclei, over the diffusive losses which likely shape the
γ-ray spectra observed in quiescent galaxies. Together with the low calorimetric
efficiency, they suggest that CR nuclei are predominantly advected away from
the starburst nucleus, taking away their energy and lepton production potential.
The combined interpretation of the radio and γ-ray spectra of specific galaxies
can help constrain the gas densities, magnetic field strengths, and ionization
rates in these dense and crowded environments, independent of minimum-energy
assumptions (Paglione & Abrahams 2012). Detailed studies of these examples
are essential to evaluate the impact of CRs on the ISM in CR-dominated regions.
Radio interferometry makes it possible to identify individual supernovae and
young supernova remnants in highly obscured regions of starburst galaxies like
Arp 220 (Batejat et al. 2011, Lonsdale et al. 2006, Parra et al. 2007) and M 82
(Fenech et al. 2008, Gendre et al. 2013), and to infer a SN event rate as high as
4±2 yr−1 in the former. The upper limit of < 0.2 yr−1 (Rampadarath et al. 2014)
in the center of the weak starburst NGC 253 may constrain the interpretation of
the γ-rays detected there. CR-driven ion chemistry produces reactive molecular
ions such as OH+, H2O
+, and H3O
+, which can now be observed in starburst
and active galaxies (Aalto et al. 2011, Gonza´lez-Alfonso et al. 2013, Kamenetzky
et al. 2012, Pereira-Santaella et al. 2013, Rangwala et al. 2011, Spinoglio et al.
2012, van der Werf et al. 2010). The observations of molecular ions have been
used to infer a high rate of ionization ζH2CR > 10
−13 s−1 in Arp 220 (Gonza´lez-
Alfonso et al. 2013) — ∼ 102 times higher than that in the Central Molecular
Zone of the Milky Way — and to trace massive galactic winds.
8.5 γ-rays in extragalactic space
The extragalactic γ-ray background (EGB) is a basic observable complementary
to those at radio, infrared, optical, and X-ray energies. The multi-wavelength ex-
tragalactic spectrum contains important information on cosmology, intergalactic
CRs, etc. The determination of the EGB is critically dependent on the mod-
36 Cosmic Rays and the ISM
elling of the Galactic foreground, in particular from the CR halo, which is still
quite uncertain. Hence there is an essential coupling between CR and EGB
studies. Significant progress has been made in the determination of the EGB
spectrum with Fermi-LAT (The Fermi LAT collaboration et al. 2014). Both the
improvement in data and modelling of the Galactic emission has contributed to
the accuracy of the EGB determination. Now we have to distinguish the real
EGB, which is the true intergalactic γ-ray flux, from that due to Galactic (e.g.,
ms pulsars) and extragalactic sources (e.g., AGN) below the detection threshold,
and to other possible diffuse processes that might be attributable to dark matter.
The part of the EGB due to known sources (mostly AGN) is comparable to the
undetected sources part at the present time (Abdo et al. 2010b). The latter will
decrease as the observations go deeper with time. The unresolved population of
normal and starburst galaxies may play an important role and dominate the EGB
at few GeV because of their hadronic pion emission (Ackermann et al. 2012e).
9 A few more words
The numerous interactions of sub-TeV CRs with their environment constitute a
lively topic part of the dynamics of the interstellar medium. The latest direct
measurements performed near the Earth and heliopause have reached a level of
accuracy that starts to unravel “imperfections” in CR characteristics (spectra,
composition, and anisotropy) of great value for better understanding their origin
and modes of propagation in different media. Multi-wavelength data, in partic-
ular γ rays, sub-mm and low-frequency radio surveys, and emission lines from
chemical compounds are rapidly expanding our capability to remotely probe CR
populations across decades in energy and in a large variety of Galactic environ-
ments, from the starburst nucleus to the quiet periphery of the Milky Way, and
to nearby galaxies. These are important achievements and with the preparation
of new CR instruments (e.g., CALET) and telescopes (e.g., SKA, HAWC, CTA,
Gamma-400, LHAASO) the prospects are bright for making further progress on
the long list of open questions that sprinkle the present review. CRs are major
actors in the feedback between high-energy events in galaxies and the interstellar
medium, but we still know very little, both observationally and theoretically, on
how this feedback operates from the microscales of plasma physics and shocks
to the large scales of galactic fountains and winds. Studying these feedback pro-
cesses and finding ways to probe the dark side of cosmic rays (the low-energy
ionizing ones) are stimulating challenges for the coming years.
10 Related Resources
NASA ADS compilation of references in this review and other relevant literature:
http://adsabs.harvard.edu/cgi-bin/nph-abs_connect?library&libname=AnnRev2014&libid=4469910512
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Figure 1: Local spectra of CR protons and Helium, as measured near the Earth
and heliopause (Choutko et al. 2013 ICRC, Adriani et al. 2011, Consolandi 2014,
Panov et al. 2009, Stone et al. 2013, Yoon et al. 2011), and displayed without
solar demodulation in momentum distributions (left) and in particle spectra in
kinetic energy (right). They indicate proton hardening and He enrichment above
a few hundred GeV. The grey band marks the range of proton spectra inferred
in the local ISM from the average γ-ray emissivity of the interstellar gas, given
the current uncertainties in the hadronic cross sections (Dermer et al. 2013b).
Figure 2: CR electron and positron spectra from AMS-02 and PAMELA, com-
pared with 3D models with possible contributions from nearby pulsars (dashed
line for Vela, triple dotted-dashed lines for Monogem and Geminga) and an addi-
tional component required to explain the data (from Gaggero et al. 2014). Solid
lines show the total spectra including the Galactic primary and secondary leptons.
Solar modulation is modelled to a level appropriate to the PAMELA data.
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Figure 3: Left: proton and Helium spectra from AMS-02 and PAMELA, com-
pared with propagation models which fit B/C. This shows how the primary in-
jection spectrum combined with propagation can be modelled. Right: spectral
evolution of the B/C ratio from AMS-02 and PAMELA, compared with 3D prop-
agation models, with various momentum-dependences of the diffusion coefficient
(KRA: Kraichnan turbulence, KOL: Kolmogorov turbulence, PD: pure diffusion
without reacceleration). This shows how such models can be used to interpret
the data, in this case with a 3D treatment of diffusion, and spiral structure in the
source distribution. Solar modulation, important below a few GeV, is included
in the predictions. From Gaggero et al. (2014).
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Figure 4: γ-ray emissivity spectra per interstellar H atom, qγH, measured with
Fermi LAT in the atomic gas of nearby clouds, in different sectors along the Local
and Perseus Arms, and between these arms (Abdo et al. 2009, 2010g, Ackermann
et al. 2012b,d,f, 2011b, Planck et al. 2014). The errors are statistical and the
inserts illustrate the range of potential uncertainties due to Hi optical depth
corrections and LAT exposure. The average spectrum found in the local ISM (in
black), at 10◦ ≤ |b|≤ 70◦, is common to the three spectral plots (Casandjian et al.
2013 ICRC). It includes systematic uncertainties. The lower left plot shows the
radial distribution across the Milky Way of different quantities, relative to their
value near the Sun: with cloud colours, qγH integrals above 400 MeV as proxies for
the CR densities (the errors include uncertainties in the LAT exposure and a 15%
uncertainty in the derivation of NHI column densities); in black, the mass surface
density of the total gas (Pineda et al. 2013); from light to dark blue, CR densities
modelled with GALPROP for halo heights of 10, 4, and 2 kpc, respectively, and the
input CR source distribution following that of pulsars (model C of Lorimer et al.
2006).
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Figure 5: Skymaps of the γ-ray intensity recorded by Fermi -LAT above 1 GeV
in six years of observations (left, http://fermi.gsfc.nasa.gov/ssc/) and of the dust
optical depth measured at 353 GHz from the Planck and IRAS surveys (right,
Planck Collaboration et al. 2014a). Both maps broadly trace the same total gas
column densities, weighted by the ambient CR density in γ rays, and by the
ambient dust-to-gas mass ratio and starlight heating rate in the dust map. They
exhibit striking similarities in details of the gas features. The γ-ray map also
contains numerous point sources and faint non-gas related diffuse components.
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Figure 6: γ-ray spectrum of the inner Galaxy from INTEGRAL-SPI (magenta
and blue bars), CGRO-COMPTEL (green bars), and Fermi-LAT (black bars),
compared with the radiation output from CRs in the ISM (pion-decay in solid
red, inverse Compton in green, bremsstrahlung in cyan). Other contributors are
the isotropic background for Fermi-LAT (black power law) and detected sources
(lower red dotted curve). The total model is given with (upper red dotted line)
and without (blue) sources. From Strong (2011).
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Figure 7: Multi-wavelength luminosity spectrum of the Milky Way Galaxy, from
radio to γ rays, and including CRs: synchrotron emission (left black); down-
scaled far-infrared and optical radiation (magenta); total γ rays (right black)
with their decomposition into pion decay (red), inverse Compton (green), and
bremsstrahlung (cyan) radiation. CR powers (dotted lines) for protons (red),
Helium (blue), primary electrons (green), secondary electrons (cyan), and sec-
ondary positrons (magenta). From Strong et al. (2010).
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Figure 8: Flow chart of chemical reactions that are initiated by CR ionizations of
H and H2. This simplified version illustrates how the abundances of the oxygen-
containing ions and H+3 are related to the ionization rate and to the fractional
abundances of H2 and free electrons.
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Figure 9: Upper panel: radial distribution across the Milky Way of the XCO
ratios measured in γ rays (same data, colours, and errors as in Fig. 4), and from
the radiative transfer of 12CO and 13CO lines for a given gradient in [C]/[H]
abundance (grey profile, from Pineda et al. 2013). The γ-ray measure assumes
no metallicity or CR-density gradient. Examples of dust-derived ratios are given
as rectangles. Estimates based on dust emissivity spectra and optical depth
exceed the γ-ray values found in the same region (e.g., pink rectangle in the
Chamaeleon from Planck et al. (2014), or green rectangle at |b| > 10◦ from
Planck Collaboration et al. (2011b)). Estimates from dust absorption (blue,
Paradis et al. 2012) or 100-µm flux (grey, Dame, Hartmann & Thaddeus 2001)
are consistent with the other local data. Lower panel: local γ-ray measurements
of the AV /NH ratios in the DNM phase, compared with dust estimates in the Hi
(dashed black, grey, and lightgrey lines respectively for Bohlin, Savage & Drake
1978; Liszt 2014; Planck Collaboration et al. 2014b), and dust estimates in the
local DNM (dashed cyan, Planck Collaboration et al. 2011b).
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Figure 10: Mass fractions of the H2 gas that is CO-dark in nearby clouds, as
traced with CRs and dust (Abdo et al. 2010g; Ackermann et al. 2012d,f; Grenier,
Casandjian & Terrier 2005; Planck et al. 2014). The fractions are given for a half
(light) or fully (dark) molecular DNM composition.
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Figure 11: Evolution of the dust emission properties in the Chamaeleon clouds,
adapted from Planck et al. (2014). The left column shows 2D histograms of the
correlations between the total gas column densities NH γ measured in γ rays, and
the dust optical depth at 353 GHz, τ353, or the dust radiance, R, deduced from the
353-3000 GHz spectral energy distributions of the thermal emission of the grains.
The other columns show the changes in dust emission opacity, τ353/NH, and
specific power, 4piR/NH, in intervals of NHmλ column density (middle) and dust
colour temperature (right). The NHmλ values come from the higher-resolution
multi-wavelength data, gauged in column densities with the γ rays (details in
the publication). The solid and dashed error bars respectively give the error on
the means and the standard deviations in each sample. The thin lines mark the
average values found in the (0.4–2)× 1021 cm2 range.
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Figure 12: Synchrotron spectra at high latitudes, 10◦ ≤ |b| ≤ 45◦, from primary
electrons (dashed), secondary electrons and positrons (dot-dashed), and total
leptons (solid). Data points (triangles) are from various radio surveys below 10
GHz, and WMAP from 23 GHz. From Orlando & Strong (2013).
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Figure 13: The Cygnus X region: maps (A) of the 8-µm emission from photo-
dominated regions (MSX data) and (B) of the photon excess detected in the
10-100 GeV band by Fermi LAT (Ackermann et al. 2011a). The γ-ray excess
reveals young cosmic rays diffusing in the ionized cavities carved by numerous OB
stars (*) and OB associations (red circles). The 0.2 γ/bin contour of the γ-ray
excess is overlaid in blue in plot A. The green circle marks the γ Cygni supernova
remnant. The γ-ray emission from its disc has been subtracted. Right: spectral
energy distribution of the emission detected by the LAT (crosses, Ackermann
et al. 2011a), MILAGRO (dashed power law, Abdo et al. 2012), and ARGO-YBG
(squares, Bartoli et al. 2014). The curves show the expectations from the old
Galactic CR population spreading the ionized gas (grey band), or up-scattering
the stellar and interstellar light (red curve) with individual contributions from
the Cyg OB2 cluster (upper pink), the NGC 6910 cluster (middle pink), and the
average interstellar radiation field in the region (lower pink).
